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Preface 

We hope that readers will be interested in and will benefit from the international 
collection of high quality research papers and overviews presented in this Progress 
Series volume. The authors are among the most highly regarded scientists in the 
field of solid rocket propulsion, and come from the countries of Australia, Canada, 
China, France, Japan, Russia, and the United States. The volume embraces three 
subject areas: 1) solid propellant chemistry, synthesis, and formulation, 2) com- 
bustion of solid energetic materials, and 3) motor interior ballistics. A total of 39 
papers have been included in the compilation, which is structured in such a man- 
ner as to provide a well-rounded balance of basic scientific research and applied 
technology. 

Putting together this issue was not easy. We were reminded of the emotional 
tone poem entitled “Tod und Verklarung” (“Death and Transfiguration”) by the 
19th century German composer Richard Strauss. While composing this volume, 
we wondered on several occasions whether world events and national policies 
had doomed the effort to the trash bin, but we found in the end that the healthier 
course of transfiguration enabled it to come to fruition. Originally imagined, this 
was to be a special issue of the Journal of Propulsion and Power that compiled 
recent fundamental advancements in the chemistry and physics related to solid- 
propellant rocket motors. At the same time, Chinese scientists were in the process 
of organizing a symposium largely based on the papers presented herein. Owing 
to several unfortunate world events that were completely outside the spheres of 
everyone involved in the technical effort, the best-laid plans had to be scuttled 
and the meeting canceled. This archival effort could be salvaged, however, if in a 
modified form. The papers contained in this volume are therefore in large part those 
originally planned, although several could not be included, for reasons beyond the 
editors’ control. 

From a technical point of view, a wide range of topics is covered in some 
depth. Most of the papers deal with advanced materials and nontraditional for- 
mulations. The chemical aspects of organic and inorganic components in relation 
to decomposition mechanisms, kinetics, combustion, and modeling are a primary 
focus of Parts I and II of this volume. It is not possible to practice these fields 
without carefully attending to the safety issues, and so we have included several 
contributions on hazards and explosive characteristics. The field of experimental 
and computational interior ballistics research, overviewed in Part III, is moving 
quickly to include chemical information and the physics of the complex flowfield. 
One motivation for melding the areas of chemistry and turbulent flows is the hope 
of eventually learning how to control combustion dynamics in solid rocket motors 
through the use of chemical effects. We hope that this Progress Series volume will 
stimulate interest in continuing toward this goal. 

The editors sincerely appreciate the patience and hard work of the scholars who 
contributed to this volume. We owe a large debt of gratitude to Woody Waesche for 
his extremely valuable support and encouragement throughout this effort. Enabling 
financial support was provided by the Pennsylvania State University, the American 
Institute of Aeronautics and Astronautics, and the China International Culture 
Exchange Center. 
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Finally, we wish to express our thanks to Mary Newby and Fengqi Zhao for 
handling voluminous correspondence among editors, authors, reviewers, and the 
AIAA. Anna Creese deserves special acknowledgment for her outstanding effort 
in the technical editing of the manuscripts. We are also grateful to Quinn Brewster, 
Rong-Jie Yang, Eun Kim, Robert Glick, Aiyu Zhang, and Danning You for proof- 
reading manuscripts and providing technical drawing services. The friendly and 
professional assistance of Rodger Williams, Heather Brennan, and Brian Haefs of 
the AIAA in publishing the volume is sincerely appreciated. 
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Color Reproductions for Chapter 2.15 (courtesy of Defence Science and 
Technology Organization, Salisbury, Australia) 



a) b) 


Fig. 2 Temperature distribution in SSCB at a) time = 1360 s (before ignition) and 
b) time = 1520 s (during combustion). 
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Color Reproductions for Chapter 3.4 (courtesy of ONERA and Societe 
Nationale des Poudres et Explosifs [Fig. 19], Chatillion, France) 



Fig. 2 Aluminum droplets in combustion immediately above propellent surface, 
AP/AI/HTPB propellant, chamber pressure = 0.6 MPa. 
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Fig. 7 Vorticity contour plot for the Butalite computation and Fourier coefficients 
of the first mode along the chamber axis. 
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Surfacic combustion 



Distributed combustion 


Fig. 10 Temperature fields for the two approaches. 
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Fig. 19 Droplet volume fraction in the aft segment of the motor for three droplet 
sizes. 
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Fig. 13 Droplet size distributions in different sections (model 1). 
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Fig. 14 Droplet size distributions in different sections (model 2). 


xxviii 



Copyrighted Materials 

Copyright © 2000 American Institute of Aeronautics and Astronautics 
Retrieved from www.knovel.com 


Table of Contents 


Preface 


Ixxiiil 


I. Propellant Chemistry, Synthesis, and Formulation 

Chapter 1.1 Flash Pyrolysis of Ammonium 

Perchlorate-Hydroxyl-Terminated-Polybutadiene Mixtures 
Including Selected Additives 

T. B. Brill and B. T. Budenz University of Delaware, Newark, Delaware 

Introduction 

Flash Thermolysis Experiments 

Decomposition of the Pure Materials 

Pure AP 

HTPB 

AP-HTPB Mixture 

Thermal Stability of the Mixture 

Gaseous Products 

Effect of Pressure 

AP-HTPB withTi0 2 and Melamine 

Conclusions 

References 


0 


3 

4 
6 

E 

0 

11 

12 

11 

8 

20 

22 

23 


Chapter 1.2 Gas-Phase Chemical Kinetics of [C, H, N, O] Systems 
Relevant to Combustion of Nitramines 

D. Chakraborty and M. C. Lin Emory University, Atlanta, Georgia 

Introduction 

Computational Methods 

Potential-Energy Profile and Reaction Mechanisms 

Rate Constant Calculations 

Results and Discussions 

Systems Relevant to the Early-Stage Combustion of ADN 

Systems Relevant to the Early-Stage Decomposition of RDX/HMX 

Conclusions 

References 




31 

34 

34 

35 

36 
36 
51 

64 

65 


Chapter 1.3 Reactivity of Azide Polymer Propellants 

Yoshio Oyumi Japan Defence Agency, Tokyo, Japan 

Introduction 

Experiments 

Structural Analysis 

Thermal Analysis 

Burning- Rate and Temperature-Profile Measurements 


73 


73 

73 

22 

21 

m 


vii 


viii 


Results and Discussion 

Microstructure of BAMO/NMMO Copolymer 

Thermal Decomposition 

BAMO Copolymers 

Improvement of Mechanical Properties 

Burning Rate 

BAMO/NMMO/ AP Propellants 

BAMO/ AMMO/ AN Propellants 

GAP/ AN Propellants 

BAMO/NMMO/AN Propellants 

Conclusions 

References 


74 
JA 

75 

76 

_&2 

82 

87 

.22 

94 

95 


Chapter 1.4 Effect of Molecular Structure on Combustion 

of Poly nitrogen Energetic Materials 99 

V. P. Sinditskii, A. E, Fogelzang, V. Yu. Egorshev, V. V. Serushkin, and 

V. I. Kolesov Mendeleev University of Chemical Technology, Moscow, Russia 


Nomenclature 

Introduction 

Experimental Methods 

Results and Discussion 

Combustion of Hydrazoic Acid and its Onium Salts 

Combustion of Organic Azides 

Combustion of Tetrazoles 

Comparison with Nitrocompounds 

Conclusions 

References 


M 

1QQ 

100 

101 

m 

106 

114 

120 

125 

m 


Chapter 1.5 Molecular Structure Tailoring of Binders 

in Solid Propellants 

Huimin Tan. Yingquan Duo, and Futai Chen Beijing Institute of Technology, 
Beijing, People’s Republic of China 

Nomenclature 

Introduction 

Molecular Structure Tailoring for Prepolymers in NEPE 

Propellant Binder 

Molecular Structure Tailoring of Binders in TPE Propellants 

Hard-Segment Domain Structure Selection 

Chemical Structure Selection of Soft Segments 

Microphase Separation Estimation 

TPE Propellant 

Conclusions 

References 


ri29i 



130 

134 

134 

135 

137 

139 

139 

140 


Chapter 1.6 Effects of Microstructure on Explosive Behavior . 

Philip M. Howe Los Alamos National Laboratory, Los Alamos, New Mexico 

Introduction 

Shock Sensitivity and Microstructural Effects 

Nature of Hot Spots 


GUI 


141 

142 

142 


IX 


Compressive Heating of Occluded Gas 

Localized Shock Interactions and Hydrodynamic Flow 

Viscoplastic Flow 

Effect of Porosity Upon Shock Sensitivity 

Particle Size Effects on Shock Initiation 

Microstructure and Initiation by Shear 

Friction and Shear Heating in Explosives 

Evidence for Shear Band Formation in Explosives 

Effects of Microstructure on Shear Band Formation 

Shear Band Formation in the Drop Weight Impact Experiments 

Other Shear Experiments 

Effects of Microstructure on Friction Initiation 

Conclusions 

References 


142 

144 

145 

151 

156 

161 

161 

16i 

163 

165 

168 

170 

174 

174 


Chapter 1.7 Advances in Solid Propellant Formulations 

May L. Chan, Russ Reed Jr., and David A. Ciaramitaro Naval Air Warfare Center, 
China Lake, California 

Nomenclature 

Introduction 

Background — High Performance 

Background — Insensitive Munitions 

Background— Pollution Prevention 

Experimental Results and Discussion 

High Performance 

Insensitive Munitions 

Pollution Prevention 

Conclusions 

References 


GM] 


1185 

IM 

IM 

im 

EH 

EM 

T88 

m 

EM 

2031 

204 


Chapter 1.8 Synthesis and Characterization of Dinitramidic Acid 


and Its Salts 207 

Oleg A, Luk’yanov and Vladimir A. Tartakovsky Russian Academy of Sciences, 

Moscow, Russia 


Introduction 1 207 1 

Methods for the Synthesis of Dinitramide and Its Salts L2Q&I 

Structure and Properties of Dinitramide and Its Salts L212J 

Chemical Properties of DNA and Its Salts SKI 

Conclusions I 218 1 

References 1- 21 . 8 .1 

Chapter 1.9 Hazards Associated with Solid Propellants L221J 


T. L. Boggs, A. I. Atwood, and A. J. Lindfors Naval Air Warfare Center Weapons 
Division, China Lake, California', E. J. Mulder John Hopkins University/ 
Chemical Propulsion Information Agency, Columbia, Maryland and R. W, 
Pritchard Naval Air Warfare Center Weapons Division, China Lake, California 


Introduction 221 

Hazard Classification 1 2221 


X 


Critical Diameter/Shock Sensitivity 

Bore Effect 

Delayed Detonation (XDT) 

IM Fragment and Bullet Impact Tests and Sympathetic Detonation Tests . . 

Ignition 

Ignition due to Electrostatic Discharge (ESD) 

Ignition due to Impact and Friction 

Other Ignition Hazard Considerations 

Combustion 

Burning Rates of Energetic Materials 

Burning Area 

Effect of Strain on the Burning Rates of High-Energy Solid Propellants 

DDT 

Cookoff 

Conclusions 

Appendix 

References 


222 

226 

221 

227 

228 

233 

234 

224 

235 

235 

236 

237 

238 

240 

242 

2421 

152 


II. Combustion of Solid Energetic Materials 


Chapter 2.1 Overview of Combustion Mechanisms 

and Flame Structures for Advanced Solid Propellants 267 

M. W. Beckstead Brigham Young University, Provo, Utah 

Introduction 1 267| 

Monopropellant Burning Characteristics 1 2681 

Solid-Propellant Combustion Characteristics 1 2731 

Solid-Propellant Combustion Mechanisms 1 2751 

Phenomenological Concepts LZZ2I 

AP Composite Propellants 

HMX Composite Propellants I 2771 

Summary I 2801 

Combustion Characteristics of Advanced Propellants 280 

Conclusions GH2 

References I 2831 


Chapter 2.2 Physico-Chemical Mechanisms 

of Solid Propellant Combustion 287 

G. Lengelld, J. Duterque, and J. F. Trubert ONERA, Chatillon, France 

Introduction L2|3 

Combustion of DB Propellants and Active Binders ' 258 

Introduction I 288 

Rame Structure P=J 

Condensed-Phase Processes L^22! 

Flame Zone I 298 

Active Binders I 3021 

Mechanisms of Action of Additives 303 

Pyrolysis of Inert Binders 305 


XI 


Combustion of AP 

Condensed-Phase Behavior 

Energetics of AP Combustion 

Surface Pyrolysis of AP 

Flame Structure of AP Combustion 

Combustion of HMX 

Condensed-Phase Processes 

Gas-Phase Behavior 

Combustion of Composite Propellants 

Comparison of Composite Propellant Combustion Behaviors 
Propellant Burning Rate Resulting from Component Rates . 

HMX-Active Binder Propellants 

AP-Inert Binder Propellants 

Conclusions 

References 


307 

307 

308 

309 

310 

313 

313 

317 

319 

319 

320 

323 

m 

330 

332 


Chapter 2.3 Flame Structure of Solid Propellants 

Oleg P. Korobeinichev Russian Academy of Sciences, Novosibirsk, Russia 

Introduction 

Experimental 

Substantiation of the Method of Probing Flames 

with Narrow Combustion Zones 

SP Flame Structure: Results and Discussion 

Flame Structure of AP and Composite Propellants Based on It 

RDX and HMX Flame Structure 

ADN Flame Structure 

Flame Structure of Propellants Based on ADN and HTPB 

Double-Based Propellant Flame Structure at High Pressure 

Conclusions 

References 


[335] 

[S3 

[3371 


333 . 

341 

\3AB 

343 

344 

342 

349 

m 

SMI 


Chapter 2.4 Experimental Studies of Nitramine/Azide 

Propellant Combustion 

Thomas A. Litzinger, YoungJoo Lee, and Ching-Jen Tang Pennsylvania State 
University, University Park, Pennsylvania 

Introduction 

Previous Studies 

Research Objectives 

Experimental Approach 

Results and Discussion 

RDX/BAMO 

RDX/GAP 

HMX/GAP 

Overall Chemical Structure 

Effect of Azide Polymer Structure 

Effect of Oxidizer Structure 

Effects of Heat Flux on Pseudopropellant Combustion 

Conclusions 

References 




355 

355 

357 

357 

360 

ISO" 

3R 

368 

373 

374 

375 

376 

222 

378 


xii 


Chapter 2.5 Optical Diagnostics of Solid-Propeliant 

Flame Structures 1381 1 

Timothy Parr and Donna Hanson-Parr Naval Air Warfare Center Weapons 
Division, China Lake, California 

Introduction 138.1-J 

Experimental Techniques 1381 1 

Description [381 I 

Uncertainties in Concentration and Temperature Measurements ms 

Results 1384 1 

Laser-Supported Deflagration of RDX and HMX at 0.094 

Megapascal (1 Atmosphere) [384 . 1 

Effect of Pressure on HMX Flame Structure LiSfLj 

Self-Deflagration of RDX at 0.1 Megapascal (1 Atmosphere) 1.386 i 

HMX Self-Deflagration at 0.1 Megapascal (1 Atmosphere) 1388 1 

Ignition of HMX and RDX L282J 

Comparison Between HMX and RDX I.ISQJ 

TNAZ 1391 1 

HNF Neat Self-Deflagration Flame Microstructure at 0.094 

Megapascal (0.92 Atmosphere) PioTI 

Diffusion Flame Studies via Sandwiches 1393 1 

Counterflow Diffusion Flames 1 400 1 

Formulated Propellants: XM39 Self-Deflagration at 0.094 

Megapascal (0.92 Atmosphere) 1 402 1 

Metal Combustion [405] 

Conclusions [A0.8.I 

References IJD.9.1 

Chapter 2.6 Thermal Decomposition and Combustion 

of GAP/AN/Nitrate Ester Propellants 413 


Xiao-Bin Zhao, Lin-Fa Hou, and Xiao-Ping Zhang Red-Star Institute of Chemistry, 
Xiangfen, Hubei, People’s Republic of China 

Nomenclature 

Introduction 

Experimental Methods 

Discussion of Results 

Thermal Decomposition of AN and MNE 

Thermal Decomposition Kinetics of GAP and PSAN 

Mechanism of MO Catalyzing Decomposition of AN 

Temperature Profile of Combustion Wave 

Flame Structure 

Correlation of Thermal Decomposition and Burning-Rate Characteristics 

Conclusions 

References 

Chapter 2.7 Thermal Decomposition of Potassium Dinitramide 

at Elevated Pressure I-425J 

Cuimei Yin, Ziru Liu, Yanghui Kong, Fengqi Zhao, Yuan Wang, Ming Lei, 

Yang Luo, Pei Zhang, Yinghui Shao, and Shangwen Li Xi ’an Modem 
Chemistry Research Institute, Xi’an, People’s Republic of China 


413 

AH 

414 

An 

415 

416 

417 

418 

419 

422 

422 

.424 


xiii 


Nomenclature 

Introduction 

Experimental Techniques 

Results and Discussion 

Decomposition of Solid KDN 

Thermal Decomposition of Liquid KDN 
Decomposition Mechanisms of KDN . . 

Phase Stabilization of KDN 

Eutectic System of KDN 

Conclusions 

References 


425 . 

S2l 

426 

422 

427 

431 

424 

421 

426 . 

426 ] 


Chapter 2.8 Combustion Mechanism 

of 3-Azidomethyl-3-Methyloxetane (AMMO) 

Composite Propellants 1 439i 

Hakobu Bazaki Asahi Chemical Industry Company, Ltd., Oita, Japan 


Nomenclature 14221 

Introduction 14401 

Experimental Methods j440j 

Results and Discussion |442| 

Combustion Characteristics of AMMO [442J 

Theoretical Rocket Performance of AP/AMMO and AP/HTPB Propellants . . . [444 j 

Combustion Characteristics of AP/AMMO and AP/HTPB Propellants |444| 

Combustion Characteristics of Catalyzed AP/AMMO and AP/HTPB 

Propellants 1 447 1 

Temperature Sensitivity Analysis of AP/AMMO Composite Propellants 1- 4 4 4 1 

Conclusions L422J 

References 14531 

Chapter 2.9 Burning Rate Characteristics of Glycidyl Azide 

Polymer (GAP) Fuels and Propellants 14551 

Iwai Komai, Koh Kobayashi, and Kazushige Kato NOF Corporation, Aichi, Japan 

Nomenclature [4521 

Introduction I45.5J 

Theoretical Performance [4461 

GAP Fuels 1456.1 

GAP Propellants [452] 

Burning Rate Characteristics l45&[ 

GAP Fuels [4581 

GAP Propellants [461)1 

Conclusions [ 462 j 

References [4621 

Chapter 2.10 Effects of Carbon Substances on Combustion 

Properties of Catalyzed RDX-CMDB Propellants l465l 

Fengqi Zhao, Shangwen Li, Wengang Shan, and Dianlin Lu Xi’an Modem 
Chemistry Research Institute, Xi'an. People’s Republic of China and 
Shufen Li China University of Science and Technology, Hefei, People 's 
Republic of China 


XIV 


Nomenclature 

Introduction 

Effect of Carbon and Potential of in Solid Propellants 

Experimental Results on the Burning Rate Enhancement of Cm, FS, 

and CB 

Experimental Methods 

Burning Rate Enhancement of Qo, FS, and CB 

Effect of FS or CB Content on the Combustion Properties 

Discussion of Burning Rate Enhancement by Various 

Carbon Substances 

Conclusions 

References 


. 355 ] 

[465] 

4661 


468 

468 

468 

470 


471 

474 

474 


Chapter 2.11 Modeling of RDX/GAP Propellant Combustion 
with Detailed Chemical Kinetics 

Yeong-Chemg Liau Los Alamos National Laboratory, Los Alamos, New Mexico 
and Vigor Yang and Stefan T. Thynell Pennsylvania State University, 
University Park, Pennsylvania 

Nomenclature 

Introduction 

Theoretical Formulation 

Solid-Phase Region 

Subsurface Multiphase Region 

Gas-Phase Region 

Boundary Conditions 

Numerical Method 

Results and Discussion 

Conclusions 

References 


[477] 


B771 

478 

479 
481 

481 

485 

487 

489 

489 

499 

500 


Chapter 2.12 Energetic-Material Combustion Modeling 
with Elementary Gas-Phase Reactions: A Practical Approach 

Martin S. Miller and William R. Anderson U.S. Army Research Laboratory, 
Aberdeen Proving Ground, Maryland 

Introduction 

Conceptual Framework 

Mathematical Framework 

Example: Frozen Ozone 

Example: RDX 

Example: Nitroglycerine 

Effect of Chemical Additives on the Burning Rate 

Speculations on Practical Burning-Rate Modifiers 

Conclusions 

Appendix: Reaction Mechanism (DB1 1) for Nitroglycerine 

References 


501 


501 

503 

504 
507 
509 
513 
519 

521 

522 

523 
528 


XV 


Chapter 2.13 Burning-Rate Prediction of Double-Base 

Plateau Propellants 

Dong Yang and Hongchang Song Nanjing University of Science and Technology, 
Nanjing, People’s Republic of China and Fengqi Zhao and Shangwen Li Xi'an 
Modem Chemistry Research Institute, Xi’an, People's Republic of China 


533 


Nomenclature 

Introduction 

Theoretical Background 

Mechanism of Plateau Combustion 

Effects of Catalysts on Burning Surface Physico-Chemistry. . . 
Hypothesis on the Reaction of [CHO] Near Burning Surface . . 

Effect of Nitramines 

Burning Rate Equation of DB and RDX-CMDB Propellants 

Influence Level of Catalysts on the Reaction of [CHO] 

Burning-Rate Equation 

Burning-Rate Pressure Exponent 

Results and Discussion 

Calculated Results 

Plateau Combustion Phenomena 

Effect of Chemical Structure Factors on Plateau Combustion . . 

Conclusions 

References 


533 

534 

535 

537 

537 

538 

539 

540 

540 

541 

541 

542 

54 ?. 

542 

545 

34 5 

547 


Chapter 2.14 Structure and Stability of Deflagrations in Porous 

Energetic Materials 15491 

Stephen B. Margolis Sandia National Laboratories, Livermore, California and 
Forman A. Williams University of California at San Diego, La Jolla, California 


Introduction 

Formulation 

Nondimensionalizations and Further Approximations . . 
Burning-Rate Eigenvalue for Steady, Planar Combustion 

Preliminary Analysis 

Burning-Rate Eigenvalue 

Analysis of the Gas-Permeation Layer 

Asymptotic Model for Nonsteady, Nonplanar Burning . 

Outer Problem 

Reaction-Zone Solutions 

Summary of Asymptotic Model 

Basic Solution and Its Linear Stability 

Analysis of Dispersion Relation 

Conclusions 

References 


5491 

5511 

5551 

5581 

5591 

5621 

\M 



Chapter 2.15 Modeling of Cook-Off Reaction Violence of Confined 

Energetic Materials 1591 

Sook-Ying Ho Defence Science and Technology Organisation, Salisbury, 

South Australia, Australia 


XVI 


Nomenclature 

Introduction 

Coupled Thermal/Structural Analysis 

Thermomechanical Properties and Temperature-Dependent 

Viscoelastic Models 

Energy Release from Dynamic Combustion 

Failure Analysis of Confinement 

Fragmentation Analysis 

Conclusions 

References 


591 

592 

593 


595 

522 

598 

599 

603 

603 


Chapter 2.16 Solid Propellant Combustion Response: 

Quasi-Steady (QSHOD) Theory Development and Validation . . 

M. Q. Brewster University of Illinois at Urbana-Champaign, Urbana, Illinois 

Nomenclature 

Introduction 

Synopsis of QSHOD Theory Development 

Nonlinear QSHOD Response (ZN) 

Linearized QSHOD Response Function (ZN) 

Condensed Phase Kinetics (PM) 

Gas Phase Kinetics (FM) 

Experimental and Theoretical Response for NC/NG 

Experimental and Theoretical Response for HMX 

Non-QSHOD Response 

Homogeneous, Non-Quasi-Steady Response 

Nonhomogeneous, Quasi-Steady Response 

Conclusions 

References 




607 

608 

610 

611 

613 

615 

618 

619 

625 

629 

629 

631 

632 
634 


Chapter 2.17 Burning-Rate Response Functions 

of Composite-Modified Double-Base Propellants and HMX 

Anatoli A. Zenin and Sergei V. Finjakov Russian Academy of Sciences, Moscow, 
Russia 

Nomenclature 

Introduction 

Investigated Substances and Experimental Results 

Pressure and Temperature Sensitivities of Burning Rate and 

Burning Surface Temperature 

Theory of Burning-Rate Response Functions 

Solid Layer on the Burning Surface 

Melting Layer on the Burning Surface 

Burning-Rate Response Functions for HMX and CMDB Propellants . , . 

HMX Response Functions 

Propellant Response Functions 

Conclusions 

References 


639 


639 

640 

640 


641 

646 

646 

647 

650 

6 ££ 

654 

658 

660 


Chapter 2.18 Combustion of Aluminized Solid Propellants 

E. W. Price and R. K. Sigman Georgia Institute of Technology, Atlanta, Georgia 


663 


XVII 


Introduction 

History 

Aluminum 

Thermal Response of Aluminum Powders 

Droplet Burning 

Accumulation and Agglomeration 

Particle Packing 

Retention of Aluminum on the Burning Surface . . . . 

Susceptibility of A1 Particles to Ignition 

Connective Processes Among Concentrating Particles 

Evolution of the Local Environment 

Formation of Agglomerates 

Burning Aluminum Agglomerates 

A1 2 0 3 Product Population 

Conclusions 

References 


im 

665 

665 

666 

669 

670 

671 

672 

672 

m 

673 

674 

676 

681 

683 

684 


Chapter 2.19 Detailed Studies on the Flame Structure of Aluminum 
Particle Combustion 

P. Bucher, L. Ernst, and F. L. Dryer Princeton University, Princeton, New Jersey; 
R. A. Yetter Pennsylvania State University, University Park, Pennsylvania and 
T. P. Parr and D. M. Hanson-Parr Naval Air Warfare Center Weapons Division, 
China Lake, California 


689 


Introduction 

Isolated Aluminum Particle Combustion Experiments 
Modeling of Single- Aluminum Particle Combustion . 

Experimental Approach 

Particle Generation and Ignition 

Photographic and Emission Measurements 

Condensed-Phase Species Measurements 

Gas-Phase Species and Temperature Measurements . . 

Experimental Results 

Modeling Approach 

Modeling Results 

Conclusions 

References 


689 

692 

693 

695 

695 

697 

697 

700 

703 

712 

716 

718 

719 


Chapter 2.20 Combustion of Aluminum Particles in Solid-Rocket 
Motor Flows 

John C. Melcher, Rodney L. Burton, and Herman Krier University of Illinois at 
Urbana-Champaign, Urbana, Illinois 

Nomenclature 

Introduction and Background 

Research Motivation and Objective 

Aluminum Particle Combustion 

Experimental Apparatus 

Chamber Design 


723 


723 

724 
724 
724 
726 
726 


Chamber Conditions 

Aluminized Propellant Description 

Particle Quench Tests 

Experiment Optics 

Oxidizer Study Control 

Data Reduction Technique 

Image Analysis 

Mathematical Analysis 

Uncertainty Analysis 

Results and Discussion 

Bum-Time Dependence on Particle Diameter 

Effect of Oxidizer Concentration 

Effect of Pressure 

Conclusions 

References 


728 

729 

730 

732 

733 

73 ? 

734 

735 

737 

738 

738 

739 

741 

W 

744 


Chapter 2.21 Formation of Condensed Combustion Products 
at the Burning Surface of Solid Rocket Propellant 

V. A. Babuk, V. A. Vassiliev, and V. V. Sviridov Baltic State Technical University, 
Saint Petersburg, Russia 

Nomenclature 

Introduction 

Experimental Technique 

Visualization of the Combustion Zone and Temperature Measurements 

Surface Layer Study 

Propellant Structure Study 

Quench Collection of CCP Particles 

Agglomeration Behavior 

Agglomerate Structure 

Agglomerate Formation Conditions 

Influence of Propellant Composition and Combustion Conditions on 

Agglomeration Behavior 

Formation of Smoke Oxide Particles 

CCP Formation at the Propellant Burning Surface 

Agglomerate Formation 

Formation of Smoke Oxide Particles 

Conclusions 

References 


[749] 


749 

73o 

750 

750 

751 

753 

754 

755 

755 

759 


762 

766 

768 

768 

772 

773 

774 


Chapter 2.22 Measurements of the Physico-Chemical Properties 
of Liquid Alumina Using Contactless Techniques 

Francis Millot, Benoit Glorieux, and Jean Claude Rifflet Centre National de la 
Recherche Scientifique, Orleans, France 

Introduction 

Physico-Chemical Properties of Liquid Alumina 

Density 

Surface Tension 


777 


111 

778 

778 

779 


XIX 


Viscosity 

Aluminum Self Diffusion 
Electrical Conductivity . . 
Radiative Properties .... 

Conclusions 

References 


781 


782 


7821 


783 


785 


785 


III. Motor Interior Ballistics 

Chapter 3.1 Effect of Acoustic Oscillation on Flow Development 


in a Simulated Nozzleless Rocket Motor F79l ! 

Sourabh Apte and Vigor Yang Pennsylvania State University, University Park, 
Pennsylvania 

Nomenclature LZ21I 

Introduction LZ22I 

Theoretical Formulation 1 7951 

Numerical Method and Error Analysis j_Z2§l 

Stationary Flowfield LS£II 

Vorticity Field LSQ2I 

Mean Flow Properties LSQ2I 

Turbulence Energy Spectrum and Transport Properties j805j 

Motor Flow Development 

Effect of Acoustic Oscillation on Flow Evolution 1 809] 

Decomposition and Averaging m 

Vorticity Field I 8 Ml 

Acoustic Field L|12j 

Effect of Acoustic Oscillation on Turbulence Properties 18131 

Effect of Turbulence on the Acoustic Flowfield ms 

Conclusions IU3 

Appendix mil 

References 1 8191 


Chapter 3.2 Stability and Acoustic Resonance of Internal Flows 

Generated by Side Injection ['8231 

B. Ugurtas, G. Avalon, and N. Lupoglazoff ONERA, Palaiseau, France ; F. Vuillot 
ONERA, Chatillon, France and G. Casalis ONERA, Toulouse, France 


Nomenclature 

Introduction 

Experimental Facility . 
Linear Stability Theory 
Numerical Approach . . 
Discussion of Results . 

Flow Stability 

Acoustic Resonance. . 

Conclusions 

References 


£ 22 ] 

823 

824 

£26 

£22 

829 

£22 

£22l 

834 

835 


XX 


Chapter 3.3 Turbulent Transport in Rocket Motor 

Unsteady Flowfield 

G. A. Flandro University of Tennessee Space Institute, Tullahoma, Tennessee and 
Weidong Cai and V. Yang Pennsylvania State University, University Park, 
Pennsylvania 

Nomenclature 

Introduction 

Analysis 

Mean Flowfield with Turbulence 

Formulation of Unsteady Viscous Flow Model 

Unsteady Vorticity 

Rotational Velocity Vector Corrections 

Effects of Turbulence on Organized Unsteady Flow 

Effect of Turbulence on Vorticity Production and Transport 

Effect of Turbulence on System Stability Integrals 

Conclusions 

References 


837 


8371 

8391 

MOi 

M2l 

8441 



8571 


Chapter 3.4 Some Aspects of Two-Phase Flows in Solid-Propellant 
Rocket Motors 

J. Dupays, Y. Fabignon, P. Villedieu, G. Lavergne, and J. L. Estivalezes ONERA, 
Chatillon, France 

Nomenclature 

Introduction 

Aluminum Oxide Formation 

Interactions Between Droplets and Gas Flowfield 

Interactions Between Inert Particles and Vortex Shedding 

Interactions Between Vaporizing Droplets and Acoustic Waves 

Interactions Between Burning Droplets and Mean Gas Flowfield 

Slag Accumulation 

Two-Phase Flowfields 

Effect of Droplet Coalescence 

Capture Rules, Droplet-Wall Interactions, and Liquid Film Formation 

Effect of Vortices 

Conclusions 

References 


[859] 


m 

m 

Ml 

M2 

M2 

M2 

868 

870 

870 

871 

874 

877 

879 

879 


Chapter 3.5 Combustion Dynamics of Homogenous Solid 

Propellants in a Rocket Motor with Acoustic Excitations 

Tae-Seong Roh, Sourabh Apte, and Vigor Yang Pennsylvania State University, 
University Park, Pennsylvania 

Nomenclature 

Introduction 

Theoretical Formulation 

Gas-Phase Process 

Chemical Kinetics Model 

Condensed-Phase Process 


[8851 


8851 



8S7l 

8891 

~889l 


XXI 


Interfacial Conditions 18891 

Turbulence Closure 18901 

Turbulence/Chemistry Interaction 1 892 1 

Boundary Conditions 18921 

Numerical Method L§g|J 

Results and Discussion 18931 

Steady-State Flowfield 18931 

Interaction Between Acoustic Wave and Propellant Combustion 1 896! 

Conclusions 

References 1 905l 

Chapter 3.6 Combustion Characteristics of Aluminized HTPB/AP 

Propellants in Acceleration Fields 1907 

Peijuan Yang, Zhen Huo, and Zhongquan Tang 46th Institute of China Aerospace 
Corporation, Huhhot, People’s Republic of China 


Nomenclature [9071 

Introduction 1 9071 

Experimental Apparatus [2QSJ 

Data Reduction L9Mj 

Experiment 1 9091 

Results and Discussion [2Q21 

Acceleration Effects: Baseline Formulation 19091 

Influence of Aluminum Content 

Influence of Aluminum Particle Size 19131 

Influence of Solid Content [213 

Influence of Oxidizer Particle Size [20 

Influence of Oxidizer Type 19141 

Influence of Static Burning Rate [20 

Influence of Static Pressure m 

Residue Retention 19171 

Conclusions EO 

References 19191 


Chapter 3.7 Pulsed Motor Firings 1 921 

Fred S. Blomshield Naval Air Warfare Center, China Lake, California 


Introduction 1 9211 

Pressure [9241 

Stability Additives [9241 

Stability Calculations 19251 

Geometry [9251 

Pulsing 1 9251 

Nonlinear Effects [9251 

Motor Firing Details 1 9261 

Propellants L226I 

Test Matrix 1 927l 

Pulsers L921j 

Instrumentation 1223 


xxii 


Motor Failures 

Motor Hardware 

Firing Results and Analysis of Motors 3-5 . 

Motor 3 

Motor 4 

Motor 5 

Linear Stability 

Nonlinear Instability 

Firing Results and Analysis of Motors 6-10 

Stability Boundaries 

Stability Additives 

Waveform Shape and Phase Relationships . . 

Frequency Content 

Motor 10 Failure Analysis 

Conclusions 

References 


Ill 

m 

m 

933 

933 

936 

938 

942 

945 

950 

951 

211 

952 

255 

956 

957 


Chapter 3.8 Transverse Waves in Solid-Propellant Rocket Motors: 
Pulse-Triggered Unstable Mode 

P. G. Harris Defence Research Establishment Valcartier, Val Belair, Quebec, 
Canada and A. De Champlain Laval University, Quebec, Quebec, Canada 

Introduction 

Test Matrix 

Experimental Technique 

New Data Analysis Method 

Transverse Waves: Presence and Nature 

Detailed Analysis 

Generalized Analysis 

Transverse Waves: Source 

Transverse Waves: Effect 

Conclusions 

References 


959 


959 

262 

963 

965 

967 

968 

221 

224 

982 

986 

987 


[989] 


Author Index 


Copyrighted Materials 

Copyright © 2000 American Institute of Aeronautics and Astronautics 
Retrieved from www.knovel.com 


I. Propellant Chemistry, Synthesis, 
and Formulation 



Chapter 1.1 


Flash Pyrolysis of Ammonium Perchlorate- 
Hydroxyl-Terminated-Polybutadiene 
Mixtures Including Selected Additives 

T. B. Brill* and B. T. Budenz* 

University of Delaware, Newark, Delaware 


I. Introduction 

W ORLDWIDE, ammonium perchlorate (AP, NH4CIO4) and hydroxyl- 
terminated-polybutadiene (HTPB) composite mixtures, usually also con- 
taining aluminum powder and ballistic modifiers, are the most frequently used 
formulations in solid rocket propellants. In terms of publications, AP has been 
the most extensively investigated solid oxidizer since its introduction into pro- 
pellants, probably in the late 1940s 1 by the Jet Propulsion Laboratory. A large 
number of publications appeared in 1950-1970, and, by comparison, a relatively 
lesser number have appeared since then. The impressive review by Jacobs and 
Whitehead 2 was quite extensive in range and depth at the time of publication 
in 1969. The falloff in research interest after this time is reflected in the addi- 
tional information reviewed 10-15 years later , 3 but subsequent reviews of various 
aspects of decomposition, ignition , 4 and combustion 5- " 8 of AP-composite pro- 
pellants have appeared. A modest resurgence of new interest in AP-composite 
propellant decomposition and combustion is motivated in part by the availability 
of advanced methods of diagnostics , 9-13 by new kinetics data and methods of 
modeling , 14-16 and by intriguing plateau-burning behavior of some AP-HTPB 
formulations . 17,18 

Despite the widespread use and long investigative history of AP-fuel mixtures, 
it still can be said that AP alone and AP-fuel composites remain among the most 
confounding materials in the research setting. From the point of view of chemistry, 
one reason is that the full range of formal oxidation states of nitrogen and chlorine 
can apparently become involved, for example, the formal oxidation state of Cl in 
CIOJ is +7, whereas that of HC1 is -1; N in NH 4 is -3, whereas that of N in 
NO+ (Ref. 19) and HN0 3 (Ref. 20) is +5. When all of the various combinations of 
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N-, H-, O-, and Cl-containing compounds are considered together, in excess of 1 000 
chemical reactions become possible. 9 Likewise, the thermal decomposition of pure 
HTPB involves a number of processes and potentially leads to a large number of 
hydrocarbon products. 21-24 Because of the interactions between AP and HTPB 
during the decomposition process, the products from the pure materials will be 
altered in quantity or completely changed to different products. The diffusion 
flame structure that results from the pyrolysis of the heterogeneous composite 
surface is a feature that imparts a strong combustion dependence on the pressure, 
the AP particle size, and the oxidizer/fuel ratio. 16,25-28 Furthermore, a highly 
complex surface structure exists 29-31 with three phases present at least below 
50 atm (Ref. 32). 

Given the extraordinarily intertwined and complex processes involved in the 
decomposition and combustion of AP-HTPB mixtures, it is reasonable to won- 
der if adding another drop to the voluminous bucket of literature could possibly 
make any difference. After examining many open-literature papers in this field 
and conducting a large number of flash pyrolysis experiments in our laboratory, 
we decided to try to amalgamate our findings with many of those previously re- 
ported in the hope of contributing some useful insights. Our initial objective was 
to contribute something more quantitative about the condensed-phase chemistry 
dimension of the overall process. Given the complexity, however, this ambitious 
goal had to be scaled back to a more empirical set of mechanistic observations. 
The literature used is extensive, but is hardly comprehensive. The emphasis was 
placed on the chemistry of the heterogeneous AP-HTPB mixture in Sec. IV. To 
discuss this mixture in context, it is first necessary to summarize the experimen- 
tal methods in Sec. II and some of the relevant features of the pure materials in 
Sec. III. 


II. Flash Thermolysis Experiments 

The condensed-phase chemistry at a burning surface is extremely difficult to 
study. 33,34 In an attempt to learn more about rates and mechanisms, we have devel- 
oped several spectroscopically accessible flash thermolysis methods 35 culminating 
in the currently used method of temperature-jump (T-jump) Fourier transform in- 
frared (FTIR) spectroscopy. 11 The assumption is that flash pyrolysis of a thin film 
of material is a snapshot simulation of the burning surface provided that the heat- 
ing rate and temperature are high enough. The unique feature of this device is 
the use of a high-gain, fast-response, power supply to adjust the temperature of 
a Pt filament extremely rapidly to accommodate the endothermic and exothermic 
events of the sample. Thereby, an essentially constant, but high, temperature is 
maintained during the experiment. 

The concept of T-jump/FTIR spectroscopy 11,36,37 is shown in Fig. 1. Approxi- 
mately 200 fxg of material was thinly spread on the center of a polished Pt ribbon 
filament. The filament was arranged inside of a closed gas cell so that the infrared 
(IR) beam of a rapid-scanning FTIR spectrometer passed about 3 mm above the 
surface. The cell was purged with Ar and pressurized at any desired pressure up 
to 70 atm, although 50 atm was the highest pressure used in this work. By using 
the high-performance power supply, the filament and sample were heated at about 
800°C s -1 and then held at the chosen temperature in the 400-600°C range for the 



FLASH PYROLYSIS OF AP-HTPB MIXTURES 


5 


Pyrolysis products 


20-50 pm film of 
sample simulating 
a burning surface 



k 


IR Detector 


± 




Fast Response 
Power Source 

I 


^\PI 


filament 


Control Voltage 
Output 


Fig. 1 Basic design of the T-jump/FTIR spectroscopy experiment to give a snapshot 
simulation of the burning propellant surface. 


duration of the experiment. Data up to 500°C are given in this work. The relation 
between the applied voltage and the resulting filament temperature was calibrated 
for all experimental conditions by using melting point standards. 

Because of limitations in the rate of heat transfer between the filament and 
sample, 36,37 the data at <0.5 s are not necessarily isothermal. After this time the 
characteristic thermal diffusion time, which is the time required for one of the 
film faces to sense 60% of the temperature change at the other, is about 25 /us 
in this experiment. 36 This time is much faster than the data collection rate. Once 
equilibrated, the temperature is known to about ±2°C. As a result, the small 
changes in control voltage applied to the filament can be used to track the en- 
dothermic and exothermic events of the sample. An exotherm produces a sharp 
spike in the control voltage vs time trace. This marks the time to the exother- 
mic event. Transmission IR spectra of the gaseous products are recorded every 
100 ms at 4-cm -1 resolution simultaneously with the control voltage measure- 
ment. These data help outline the chemistry that takes place within the simulated 
surface reaction zone without the additional complicating contribution of the flame 
zone. 

At least three concerns arise about this simulation. First, the configuration of the 
experiment is not the same as the burning propellant in that the sample is heated 
from the underside by the filament rather than the topside by the near-surface 
primary flame reactions. As the reactions accelerate in the experiment, however, a 
very thin gas layer may develop between the steady heat source of the filament and 
the material. This process resembles film boiling, but is more transient because of 
the reacting dynamic surface. In some sense, however, the configuration of heat 
source to reactive gas layer to sample in the T-jump experiment resembles the 
configuration of flame to reactive gas layer to sample that exists during propellant 
burning. Second, during steady combustion of a propellant, the gaseous products 
flow against the chamber pressure. To simulate this condition in the snapshot T- 
jump experiment, argon gas was added to raise the internal pressure in the cell. 
Third, the film can not replicate all of the events of the burning surface. Connections 
seem to exist, however, between rapid heating of a film and steady combusting of a 
bulk energetic material. For example, the rate of mass loss from these mesoscopic 
films at fast heating rates resembles that calculated from the burning rate of a bulk 
material at the same (low) pressure. 33 On balance we know that the laboratory 
simulation of the burning surface by rapidly heating a film cannot be a perfect 
replication of the combustion conditions, but it is hoped that it offers some useful 
guidance for current and future propellant modeling efforts. 
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Four nominal particle diameters of AP (1.4, 8 , 18, and 44 fim) were obtained 
from the Thiokol Corporation. The HTPB used was propellant-grade R45M, whose 
structure is as follows: 



R-45M HTPB MW -2500 


Ti0 2 (anatase, 0.5 /im) and melamine (1, 3, 5-triamino-2, 4, 6 -triazine) were 
obtained from Aldrich Chemical Company. 

Mixtures were made on a weight percentage basis by thoroughly mixing them 
with an agate mortar and pestle. These uncured materials were then spread as a 
film of about 50 nm thickness onto the center of the Pt filament. Multiple data 
sets were recorded in search of reproducibility. It was found that the results in the 
first day after mixing were less reproducible than those taken at least a month after 
mixing. Thus, the slightly aged samples were used for this work. The IR spectra 
were converted into species concentrations by methods described before . 35 


III. Decomposition of the Pure Materials 

Although no new work on pure AP and pure HTPB was conducted in this 
project, the behavior of the AP-HTPB mixtures is difficult to appreciate without 
the context of the pure ingredients. In addition, some comments and cautionary 
notes about the pure materials may enhance the understanding of their pyrolysis 
and combustion. 

A. Pure AP 

Note that the purity of AP used in rocket propellants is 99.3-99.8% (Ref. 38), 
which raises the question about the role of the impurities in the various, sometimes 
contradictory, results reported for decomposition and combustion of AP. For ex- 
ample, it has long been known 39 that the burning rate of AP depends on the sample 
purity. This is vividly shown by the burning-rate behavior of single crystals of AP 
that have been isomorphously doped with <1% quantities of other ions . 38 40 Very 
dramatic effects are produced by both redox-active and nonactive ions. The most 
pronounced effect is with NOj , which has been shown to increase the burning rate 
by about 50% when it is present in the crystal lattice at about the 0.01% level . 19,40 
The amount of H 2 0 incorporated in the crystal lattice can also vary. This poten- 
tially affects the experimental decomposition and combustion results because H 2 0 
is known to suppress the burning rate, perhaps by decreasing the amount of rad- 
ical chemistry associated with HCIO4 (Ref. 41) or perhaps by decomposing the 
proposed NOj CIO 4 intermediate 19 to which the burning rate is very sensitive . 40 
An additional complication is that Ca 3 (P0 4 ) 2 is used to coat fine AP crystals to 
prevent caking . 42 Discussion of the extent that adventitious impurities might affect 
experimental results on AP is rare, and this factor may be a variable in some of the 
differing findings and opinions that have been published. This is particularly an 
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issue in light of the dramatic effects that the purposeful addition of salts can have 
on the decomposition and combustion of AP . 2, 3,19,38,40,43,44 

The earliest molecular event in hot AP is the orthorhombic-to-cubic solid- 
solid phase transition at about 240°C (Ref. 45). This transition occurs beneath 
the burning surface 30,46,47 and results from the transition of the CIO^ ion from 
restricted to unrestricted tumbling on the vibrational timescale 48 The ensuing 
destabilization of the AP crystal effectively facilitates the partial conversion from 
the ionic state to the neutral NH 3 and HCIO 4 molecules in the condensed phase. 
These molecular forms are not thermodynamically favored in the presence of 
one another and should be thought of as minor species that are in equilibrium 
with the ions. As the temperature is further raised, the crystal lattice is no longer 
stable and progressively liquefies , 30,38,46,49,50 in part because of depression of the 
melting point by the presence of reaction products. The thickness of the liquid 
layer during burning is at most about 10 /um at lower pressures based on scanning 
electron microscopy of quenched samples . 29,30 Chemical reactions concurrently 
take place in the liquid layer making it a mixture of components rather than a true 
AP melt. Attempts to characterize the liquid AP by spectroscopy resulted in an 
explosion, which is contrary to the more successful experience with liquefied RDX 
and HMX (Ref. 51). Hence, the chemical details of liquid AP to our knowledge 
remain unknown. 

The initial proton transfer step leading to NH 3 and HCIO 4 in the decompo- 
sition of pure AP is widely accepted , 10,12,41,50,52-57 and is highly endothermic 
(AHdissn = 58 ± 2 kcal/mol) (Ref. 52) with an activation energy E a of about half 
this value in the 200-250°C range . 58-62 An alternative point of view is that elec- 
tron transfer occurs to form NH 4 and CIO 4 radicals, and this predominates above 
350°C (Refs. 3, 44, 58, and 63). The basis for competing pathways is primarily the 
comparative values of E a for the proton and electron transfer processes relative to 
the E a value for AP decomposition. In the 250-350°C range, E a = 1 8.5 kcal/mol 
for electron transfer whereas E a — 30 kcal/mol for proton transfer . 3 E a for global 
decomposition in this range is about 20 kcal/mol (Ref. 3), which compares best 
with the electron transfer process. It is risky, however, to compare E a values for 
specific reactions to global decomposition rates 64 in a process as complicated as 
the thermal decomposition of AP. For example, A //d, ssn = 58 kcal/mol, which was 
measured below 250°C, will decrease as the temperature increases. In tandem, 
E a will also decrease bringing the proton and electron transfer rates more into 
line with one another at higher temperatures. Thus, it is probable that both proton 
and electron transfer rates compete to a degree that depends on the temperature, 
defect number, and purity of the AP crystal. Electron transfer will be strongly influ- 
enced by the presence of intentionally added or adventitiously present redox-active 
impurities. Redox-active catalysts acting in the condensed phase should primarily 
alter this mechanism as opposed to the proton-transfer mechanism. For AP used 
in rocket propellants, however, this initiating reaction may be a moot issue for 
the combustion of so-called pure AP because the secondary exothermic reactions 
resulting from the initial, endothermically formed products by the two processes 
rapidly become indistinguishable. 

The secondary reactions involving the initial products of the AP decomposition 
are very complex and are different from most other energetic materials because of 
the involvement of chlorine oxides. It is widely accepted that exothermic chemistry 
begins immediately after the crystal lattice begins to break down , 41,43,50,54,56 and 
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Table 1 Examples of surface temperatures reported for burning AP 


u 

0 

t-f 

Pressure, atm 

Remarks 

Reference 

330 

1 

Thermocouple 

65 

440 

13 

Optical pyrometry 

66 

650 

20 

IR pyrometry 

53 

680 

33 

IR pyrometry 

53 

720 

66 

IR pyrometry 

53 

525-600 

20-66 

Phase transition 

46 

442 ±30 

20-66 

Reanalysis of Ref. 46 

67 


that the liquid layer formed during combustion is frothy as a result of the formation 
of the gaseous products. The degree of exothermicity is not sufficient to sustain 
the burning of AP below about 15-atm pressure. Heat feedback from the flame 
zone is needed, and an estimate of the amount of heat released at the surface is as 
high as 70% (Ref. 57). The thickness of the liquid layer decreases with increasing 
pressure, and the layer appears gone by about 60 atm (Refs. 3, 29, and 30). 

The surface temperature of burning AP has been estimated by several methods 
and a few of the values are given in Table 1 (Refs. 46, 53, and 65-67). As is the 
case with many other energetic materials, the agreement among these data is poor, 
which reflects the difficulty of making an accurate measurement on a transient, 
multiphase, reaction surface. 

The details of the heterogeneous reactions involving the gaseous and liquid 
phases remain a murky and hopelessly complex subject. Numerous parallel and 
consecutive reactions occur that are affected by the pressure, temperature, and 
spatial location in the froth. It is generally agreed, however, that HC10 4 ac- 
celerates the decomposition , 41 ' 44,50 ’ 68,69 whereas NH 3 retards the rate at lower 
temperatures , 44 but accelerates it at higher temperatures . 50 Obviously, the relative 
roles of the heterogeneous reactions change with pressure and formulation, but the 
occurrence of reactions in the condensed phase is difficult to avoid. For example, 
assuming an average unit cell dimension of 7.5 A for AP (Ref. 70), a 1 /zm-thick 
surface reaction zone corresponds to about 1300 unit cell lengths. Given the time 
estimate for reactions of about 10 -3 s (Ref. 67) and the surface temperatures in 
Table 1 , there is ample time for many reactions to take place in the condensed phase. 
Unfortunately, the rate constants have not been measured for many of the possible 
reactions, especially when mediated by the heterogeneous condensed phase, and 
so there is little value in speculating further. Some of the reactions that provide 
radical chain carriers, for example, CIO, and species known to be important in 
other reaction schemes are listed as follows: 

HCIO 4 -► C10 3 + OH (Refs. 71 and 72) 

CIO 3 -* CIO + 0 2 (Ref. 71) 

CIO + NH 3 -»• NH 2 + HOC] (Ref. 2) 

CIO + NH 2 — >■ NH + HOC1 
NH 2 + OH — ► NH + H 2 0 (highly exothermic) 
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HC10 4 + HNO -*■ NO + C10 3 + H 2 0 (Refs. 9, 15, and 20) 

HCIO 4 + OH -> CIO 4 + H 2 0 (highly exothermic) (Ref. 15) 

HCIO 4 + Cl -> HC1 + C10 4 (Ref. 15) 

NH 3 + OH -> NH 2 + H 2 0 (Ref. 15) 

NH 3 + Cl -> NH 2 + HC1 (Ref. 15) 

Although radicals such as OH, CIO, and NH are detected after laser 
pyrolysis , 1013 most of the products detected by other methods are stable molecules 
with mostly even, but some odd, electron counts 2 ' 9 ' 20 ' 55 ’ 59,73,74 : N 2 0, NO, N0 2 , 
NOC1, HNOj, HCIO 4 , HC1, C10 2 , NH 3 , H 2 0, Cl 2 , 0 2 , N 2 , H 2 , and hydrated HC1 
and HCIO 4 . For example, the IR spectrum over AP flash heated at 800°C s " 1 to 
500°C under 4 atm of Ar is shown in Fig. 2 and reveals some of these products. The 
species just listed are later-stage products from the numerous elementary reactions 
between N, H, O, and Cl. Many of these products, along with some of the more 
reactive radicals, escape the surface and initiate the AP flame. Discussion of the 
flame structure is not the subject of this paper, but closure of this section is aided 
by summarizing the flame zone chemistry modeling efforts. Kishore 6 reviewed 
some of the models devised before 1976. 

Models of the combustion process reflect the wisdom and available experimen- 
tal data at the time of development. Understandably, the earlier models empha- 
size physical processes. Chemistry and energetics were sometimes incorporated 
globally, whereas the later models incorporate detailed chemistry. Physical ob- 
servations about the burning process of AP led to the earliest models based on 
the conservation equations and management of heat transfer . 75-79 Although these 
models were successful in fitting features such as the burning rate, the low-pressure 
deflagration limit, and some of the ignition behavior, it was difficult to extend them 
to include the binder, temperature sensitivity, and the details of the flame structure. 
Inclusion of chemistry was, therefore, needed. 

Manelis and Strunin 41 brought to light the probable behavior of the initial prod- 
ucts NH 3 and HCIO 4 during the burning of AP and, thereby, focused attention on the 



4000 3000 2000 1000 
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Fig. 2 IR spectrum of the gaseous products from solid AP heated at 800°C s -1 and 
held at 500° C under 4 atm Ar. 
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role of chemical processes. In fact they asserted that the condensed phase chemistry 
dominates in the combustion processes. Comments of this type appeared along side 
the earliest chemistry-based model of AP combustion by Guirao and Williams, 57 
who used a 14-step gas-phase reaction mechanism to fit the burning-rate curve and 
also proposed that 70% of the heat is released in a global surface process. In another 
pioneering chemistry-based effort, Ermolin et al. 9 devised an 80-step mechanism 
with 24 species that was motivated by an attempt to fit the species profiles in the 
gas phase of AP burning at low pressure. 74 A subsequent more limited mechanism 
having 22 steps and 8 species 80 has been criticized by Cohen, 72 who updated sev- 
eral earlier mechanisms with 136 steps and 35 species. 14 He obtained reasonable 
agreement with the flame temperature. Tanaka and Beckstead 15 devised a com- 
bined gas-liquid-solid phase model of AP combustion in which the gas phase 
consisted of 107 steps and 32 species. They concluded that the condensed-phase 
kinetics much more strongly influenced the combustion characteristics than did 
physical properties, such as the thermal conductivity and density of the solid. The 
minor role played by heat conduction has been noted elsewhere. 81 


B. HTPB 

The use of HTPB as a binder in solid rocket propellants appears to date from 
about 1962 in work by the Aerojet Corporation. 42 Many stmctures of HTPB exist, 
and the most commonly used type (R45M, whose structure was shown in Sec. II) 
can be thought of as a terpolymer of cis-, trans-, and vinyl-linked butadiene units. 
In addition, the terminal groups, that are —OH in R45M are an additional variable. 
Also, -CO 2 H has been used as a terminal group (called CTPB), but is no longer 
used as a propellant binder in the United States. The copolymer of polybutadi- 
ene and acrylic acid (PBAA) and terpolymer of polybutadiene, acrylic acid, and 
acrylonitrile (PBAN) also have application as propellant binders. Several detailed 
reviews 27,82 and more specialized summaries 3,6,24,83 of polybutadienes, including 
their use in rocket propellant formulations, are available. 

Studies of the thermal decomposition of HTPB and related polymers at fast 
heating rates 24,83-89 and at slow heating rates 21-23, 90-104 are rather extensive. 
The decomposition process has a distinguishable, mildly exothermic compo- 
nent because bond forming processes occur along side of the bond-breaking 
processes. 83,89,102,104 Numerous fragments of the polymer have been detected, 
but the main species are the butadiene monomer, dimer (4-vinylcyclohexene), and 
trans-butadiene oligomers. Figure 3 shows the mole fractions of the major products 
from flash heating of a thin film of R45M at 800°C s -1 under 2 atm of Ar to the 
constant temperatures shown. 24 These species primarily indicate that random chain 
cleavage occurs along the polymer backbone followed by subsequent vaporization 
of the fragments. The presence of a high percentage of oligomers of butadiene 
relative to the monomer indicates that the zip length of HTPB is relatively small. 
That is, the formation of a radical due to bond cleavage in the polymer backbone 
does not result in an extensive propagation of the radical sites along the chain and, 
thus, liberates a comparatively low percentage of the monomer. 

The kinetics of formation of each of the products shown in Fig. 3 has been 
established recently at a high heating rate. 83 The behavior observed suggests that 
the process that controls the rate of appearance of the species in the gaseous 
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Fig. 3 Quantified gaseous product concentration profiles from flash heating of HTPB 
(R45M) to the temperature shown under 2 atm Ar (Ref. 24): BD = butadiene; 4-VCH = 
4-vinylcyclohexene; ET = ethylene; CP = cyclopentene; 1,5-HD = 1,5-hexadiene; 
trans-BDO = transbutadiene oligomers. 

phase shifts from one of bulk-phase chemical reaction control below 500-530°C 
to one of desorption/evaporation control above this temperature range. It has also 
been shown that urethane cross-linked HTPB upon fast heating regenerates the 
cross-linking agent that then vaporizes before the polymer fragments appear. 89 
This has been used to justify the use of uncross-linked HTPB to identify poten- 
tial hydrocarbon fragments released when the surface of an AP-HTPB mixture 
pyrolyzes. 24,83 The physical properties of the polymer-rich region of the mixture 
can be expected to differ depending on whether the cross-linking agent is present 
or not, but the focal chemistry question for this work was the extent to which the 
decomposition products of AP affect the decomposition process of HTPB. One 
study has suggested that there is little effect, 105 perhaps because AP mainly con- 
trols the burning rate of AP-HTPB mixtures, 3 especially above 70 atm (Ref. 106). 
Other studies indicate that the AP and HTPB interact during decomposition of the 
mixture. 27 - 107 - 109 


IV. AP-HTPB Mixture 

The complexity of the pyrolysis and combustion of pure AP and pure HTPB 
alone is magnified when the two are combined as a heterogeneous mixture. The 
overall event becomes a three-dimensional combination of homogeneous and het- 
erogeneous chemical and physical processes whose balance depends on the in- 
trinsic variables that are in play. 29, 110,111 A few of the general concepts expressed 
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about this process in the past 50 years are summarized next in the context of the 
present experiments. In some instances the fuel used by others was not HTPB, but 
the comments apply in general terms to AP mixed with any hydrocarbon fuel. 

First, one of the main themes of this section is the evidence that AP and HTPB 
interact during fast decomposition of the mixture. By design, the T-jump/FTIR 
spectroscopy experiment is intended for study of the condensed-phase chemical 
processes without the flame zone. Decomposition of energetic materials in the con- 
densed phase is inherently made complicated, however, because gaseous products 
form that leads to phase interfaces. In the case of AP-HTPB composite mixtures, 
additional interfaces also exist between the ingredients. Throughout this section the 
term interfacial is intended to group together these ill-defined reaction interfaces 
because they cannot be distinguished in the experiment. 

Second, a wide range of opinions exists with regard to the relative roles of the 
condensed and gas phases during combustion of propellants containing AP. Some 
believe that the condensed-phase chemistry almost totally controls the burning 
process, 41,57,112 whereas others merely favor an important role for the condensed 
phase. 25,31,32 ' 50 ' 54 ’ 108 ' 113-119 The other extreme is that the gas phase primarily 
controls the combustion process 68 - 70 ' 76,77, 88,120 and that interfacial chemistry in 
the condensed phase is not apparent. 120 Some of these distinctions may be pri- 
marily semantic given the unclear distinction of what the condensed phase is 
and where it becomes the gas phase. That is, if a liquid layer containing bub- 
bles exists, 32,71 ’ 111121 then the gas and condensed phases coexist. To complicate 
matters further, particles may be able to enter the gaseous phase. 112 ' 122 The sur- 
face structure of AP crystals is also highly nonuniform with ridges and valleys 
present. 29-32 

Third, it is generally accepted that the near-surface edge of the AP-fuel diffusion 
flame is an important site in the combustion process because it is the location of a 
large amount of exothermic redox chemistry. This concept enables features such 
as the dependence of the burning rate on the pressure and the AP particle size to 
be understood. 25,26 ’ 28,123,124 

Fourth, during the ignition stage, heterogeneous gas-condensed-phase reactions 
are believed to dominate, 54 106 125-127 as opposed to an entirely gas-phase ignition 
event, but this view requires careful interpretation. 128 Thus, it has been widely 
stated 12,26,31 ' 54 ’ 81 ’ 88 115, 118,129-131 that interfacial chemistry plays a major role in 
the condensed-phase, surface, and near-field gas-phase processes of AP-binder 
mixtures, although agreement is not universal. 713 - The problem is to define what 
reactions occur under what conditions. 

We accepted that elucidation of the chemical details of the condensed phase 
of AP-HTPB mixtures at combustion-like conditions was probably beyond the 
present ability of chemical diagnostics, although this issue is recognized to be 
perhaps the major deficiency in understanding in this field. 8,15 This project was 
undertaken with the hope of adding additional insights at fast heating rates because 
most past chemistry studies on the AP-HTPB mixtures have been undertaken at 
low (<100°C/min) heating rate conditions. 2 ’ 44,55 ' 58,59,61-63,73,113,114,132-134 


A. Thermal Stability of the Mixture 

T-jump/FTIR spectroscopy makes it possible to measure the time to exotherm at 
relatively high temperatures, because flash heating to a controlled set temperature is 
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Fig. 4 Times-to-exotherm data for films of the samples (44-/zm AP) heated at 
800 C s _1 to the temperature shown under 4-atm Ar; HTPB was studied at 1-atm 
pressure of Ar. 

performed. By monitoring the control voltage trace of the Pt filament that maintains 
this constant set temperature as a function of time, the time to exotherm at a series 
of temperatures can be obtained. The temperature range was chosen with an eye 
on the T s values in Table 1, although practical considerations dictated the use of 
the lower end of the range (375-500°C). 

Figure 4 shows the time-to-exotherm plot for pure HTPB, pure AP, and two 
physical mixtures of AP with different weight ratios of HTPB. The theoretical basis 
of this type of plot has been discussed 36 including that the curvature is related to the 
changing role of heat transfer as a function of temperature. This is not the main point 
of interest here. The relevant point is the relative positions of the curves. Figure 4 
shows that pure HTPB and pure AP are both more stable in terms of the time to 
exotherm at a given temperature than either of the physical mixtures of AP-HTPB. 
This finding is consistent with previous studies that found AP-fuel mixtures to be 
less thermally stable 25, 108, 109 ' 135 and to bum faster 39 than the pure components and 
is evidence that interfacial, exothermic, free-radical chemistry in the condensed 
phase contributes to the early stages of pyrolysis of AP-HTPB mixtures. This 
is despite the initial decomposition reaction, which is proton transfer involving 
the AP, being highly endothermic. The rapid, highly exothermic, secondary redox 
reactions quickly destabilize the mixture compared to the pure components. Thus, 
these results are consistent with the existence of exothermic surface reactions for 
AP-HTPB, as has been postulated before. 28 108 ' 110,126 ' 133 


B. Gaseous Products 

In accordance with the apparent occurrence of some interactive chemistry of the 
AP-fuel mixture in the condensed phase, the gaseous products from flash heating 
of a thin film of the 3: 1 AP-HTPB mixture (Fig. 5) are dramatically different from 
those of pure AP (Fig. 2) and HTPB (Fig. 3). An interesting observation is the nature 
of the hydrocarbon products detected. Unlike pure HTPB, the highest molecular 
weight hydrocarbon observed is C 2 H 2 . This implies that radicals formed when 
AP decomposes cause extensive radical chain cleavage of the HTPB backbone 
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Fig. 5 IR spectrum from 1 .4-fim AP-HTPB at a 3: 1 weight-weight ratio flash heated 
at 800°C s -1 to 410°C under 4-atm Ar. 


resulting in extremely fast disintegration of the polymer and liberation of only the 
most stable low molecular weight hydrocarbons. It is believed that HGO 4 and its 
derived radicals attack the polymer . 125136 The absence of high molecular weight 
hydrocarbons from pyrolysis of AP-fuel mixtures has been observed by others 
using a variety of diagnostic and heating methods . 12116 ' 118131 ' 132,136 As has been 
done recently, this makes low molecular weight hydrocarbons the most relevant for 
use in studying and modeling the diffusion flame structure of an AP-fuel mixture . 1 6 

Other major differences are apparent when Figs. 2 and 5 are compared. Pure 
AP in Fig. 2 liberates NO, NOC1, N z O, N0 2 , HN0 3 , and HCIO 4 , which reflect 
only partially completed redox chemistry because an insufficient amount of fuel 
(NH 3 ) is present. Hence, various oxides of nitrogen form with intermediate formal 
oxidation states of N. On the other hand, when the hydrocarbon fuel is available, 
the needed fuel, as well as the ease of oxidizing the hydrocarbons compared to 
NH 3 , is apparent in the fraction of carbon oxides, as opposed to nitrogen oxides, 
that dominate. In fact, no nitrogen oxides at all are detected from the AP-HTPB 
mixture by IR spectroscopy. Discussion of several further details about the product 
ratios is deferred until later in this section. 

Figures 6 and 7 show the trends in the mole fractions as a function of the py- 
rolysis temperature for 1 .4- and 44-/iun-diam AP, respectively, in a 3: 1 AP-HTPB 
mixture. The main difference in this case is the different amount of contact be- 
tween the AP and HTPB because the surface area of the AP particles scales as 
1/r 2 . In Fig. 6 , the products from 1.4-/rm AP exhibit a mild dependence on the 
temperature, especially at the lower end of the range. This is not so much the case 
with the other AP particle sizes used ( 8 , 18, and 44 /im). For example, Fig. 7 
for 44-//m AP shows less dependence of the gaseous product concentrations on 
the pyrolysis temperature. An additional manifestation of the larger AP surface 
area of 1 A-fim AP is that the 3: 1 weight-weight ratio sample has a cakey appear- 
ance, whereas the samples with larger particles are thick fluids. Apparently the 
higher surface area of 1 ,4-/im AP enables more complete wetting by HTPB and, 
thus, has less free HTPB to act as a fluidizing medium. The more intimate contact 
of the HTPB with the smaller AP crystals enhances the opportunity for radical 
reactions to occur between the binder and oxidizer. Bakhman earlier arrived at 
the same conclusion . 137 This maximizes the opportunity for the AP-binder reac- 
tion over a wide range of conditions and leads to the dependence of the product 
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Fig. 6 Mole fractions of the gaseous products from flash heating of 3: 1 AP (1 .4 /im )- 
HTPB at 800° C s _I to the temperatures shown under 4-atm Ar. 


ratios on the pyrolysis temperature shown in Fig. 6. Earlier experimental findings 
and modeling principles are consonant with this result. For example, it is known 
that the binder type plays a lesser role in the burning rate for larger AP particle 
sizes, 121 which suggests that the amount of interfacial chemistry is less. Models 
of composite propellant burning 6 ' 26 ’ 28 - 71 ' 1 15 - 123 - 138 have paid attention to larger AP 
particles in composite propellants tending to give lower burning rates, especially at 
higher pressures 39 - 40,1 - 8 ' 139 ' 140 because the diffusion flame develops farther from 
the pyrolysis surface. Smaller AP particles, on the other hand, lead to better fuel- 
oxidizer mixing closer to the surface. 28 137 Some chemical details of the diffusion 
flame are beginning to emerge. 16 

The gaseous product ratios shown in Fig. 6 compare quite well with those found 
by Korobeinichev et al., 116 who determined them by probing the flame of a 5:1 
AP-CTPB mixture at a subatmospheric pressure by TOF mass spectrometry 
(Table 2). In constructing Table 2, their data at about 2 mm above the surface 
were used and were normalized to ours by removing the small amounts (<3%) of 
CI 2 , 02 , N 2 , H 2 , and HOC1 that were not detected with the IR spectroscopy method. 
We verified by separate mass spectrometry and Raman spectroscopy experiments 
that small amounts of CI 2 , N 2 , and H 2 are indeed present in our experiment. HOC1 
was not detected. In view of the different fuel-oxidizer ratio and the different end 
groups used in the fuel in the comparison in Table 2, the agreement is satisfactory. 
One obvious difference is that we detected NH4CI. This is an artifact of quenching 
by the cool Ar atmosphere that enables NH 3 and HC1 to recombine. This recom- 
bination is not favored in the flame and contributes to the higher quantity of HC1 
reported by Korobeinichev et al. 116 
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Fig. 7 Mole fractions of the gaseous products from flash heating of 3: 1 AP (44 n m )~ 
HTPB at 800°C s -1 to the temperatures shown under 4-atm Ar. 

As a method to summarize the effect of the AP particle size on the mole fractions 
of the gaseous products, the data for each particle size were averaged over the 400- 
440°C range and plotted as a function of the particle size. The result is shown in 
Fig. 8. As discussed earlier and shown in Fig. 6, the results for 1 ,4-/zm AP are 
somewhat atypical, and so attention is mainly focused on the trends for >8 nm 
particle sizes of AP. The trends are that the concentrations of HCN and C 2 H 2 
tend to decrease whereas CO 2 and CO tend to increase with increasing particle 


Table 2 Comparison of the mole 
fractions of gaseous products from 
AP-polybutadiene mixtures 


Product 

Ref. 116 

This work 

h 2 o 

29 

33 

CO 

23 

24 

HC1 

23 

12 

HCN 

7 

13 

C0 2 

11 

8 

c 2 h 2 

5 

5 

NH, 

3 

5 a 


‘As NH4CI. 
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Fig. 8 Mole fractions of the gaseous products averaged over 400-440° C as a function 
of the AP particle size; data were taken at 4-atm Ar. 

size. Various explanations can be imagined, but one that is consistent with the 
experimental design is suggested here. The HCN and C2H2 contain carbon in 
lower oxidation states and, thus, reflect incomplete oxidation of the hydrocarbon 
fuel. This suggests that less interfacial AP-fuel chemistry occurs with the larger AP 
crystals, which is consistent with their lower surface area. As a result, more of the 
AP-based decomposition products have not reacted with the binder at the interface 
in the condensed phase and are, instead, able to form the gaseous phase, where 
they can then react. Hence, there is proportionally more gas-phase redox chemistry 
possible with the larger particle sizes that results in larger amounts of CO2 and CO. 

Figure 9 shows the trend in the ratio of C2H2 to CO2 as a function of the 
ratio of AP to HTPB. The C2H2/CO2 ratio partly reflects the relative extents of 
cleavage of the polymer backbone vs oxidation of the fragments. At low AP-HTPB 
ratios, where the mixture is strongly fuel rich, a small amount of ethylene, C2H4, 
was also detected, but the predominate hydrocarbon is still C 2 H 2 . Hence, even in a 
fuel-rich mixture, the fuel pyrolysis process is completely unlike that of pure HTPB 
(Fig. 3 ) because the AP-based radicals attack the polymer backbone and cause 
radical chain cleavage. Not surprisingly, however, the C2H2/CO2 ratio decreases 
as the AP-HTPB ratio increases because more hydrocarbon oxidation can occur. 
There is possibly a dependence of the C2H2/CO2 ratio on the AP particle size in 
Fig. 9 , which becomes more pronounced with the larger particle sizes. 

Widely used combustion models of composite propellants that emphasize con- 
trol of combustion by the leading edge of the diffusion flame handle the relative 
balance between the fuel and oxidizer species in the gas phase by an adjustable 
parameter (Refs. 28 and 138 ). Other approaches over the years use the concept 
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Mixture Ratio (AP:HTPB) 

Fig. 9 C 2 H 2 /CO 2 ratio as a function of AP particle size in 3:1 AP-HTPB mixtures 
flash heated to 440° C under 4-atm Ar. 

of two temperatures 39,141,142 and different activation energies 143 at the surface of 
a burning AP-composite propellant. That is, one temperature or activation energy 
applies to pyrolysis of the binder whereas another applies to pyrolysis of the AP 
crystal. The conclusion we would draw from the current chemistry study is that the 
two-temperature concept would be most appropriate for larger AP particle sizes 
and for AP-fuel mixtures that are somewhat less than stoichiometric. 

As noted earlier in the products from pure AP (Fig. 2) compared to those from the 
AP-fuel mixtures (Figs. 6 and 7), an important difference is the presence of NH 4 C1 
in the latter. NH 4 CI has been seen before as a product of the AP-fuel mixture at slow 
heating rates . 144 The formation of NH 4 CI reflects the competitive oxidation rates of 
NH 3 and the hydrocarbons in which the hydrocarbons win . 145,146 The hydrocarbon 
fragments, except possibly C 2 H 2 , are more easily oxidized than NH 3 , which results 
in the liberation of some unreacted NH 3 in the AP decomposition process. The 
appearance of C 2 H 2 in the gas phase reflects that C 2 H 2 is oxidized more slowly 
than are the other hydrocarbons . 145 Figure 10 shows the NH 4 CI/C 2 H 2 ratio as a 
function of temperature when the data are averaged for the four AP particle sizes. 
At lower temperatures, less of the NH 3 is oxidized relative to the hydrocarbons so 
that the ratio is higher compared to that at higher temperatures. The rather large 
error bars of Fig. 10 result from the averaging of the different particle sizes, rather 
than the true error in an individual measurement. The trend shown was found in 
all of the data. 


C. Effect of Pressure 

These flash pyrolysis studies to establish some of the chemical features of AP- 
HTPB mixtures were conducted at 1-5 atm of Ar so that the reaction zones would 
be stretched with the hope of seeing more than just the thermodynamically stable 
final products. These pressures do not apply to steady combustion conditions of a 
rocket motor. Therefore, 8 -/zm-diam AP particles in a 3: 1 AP-HTPB mixture were 
flash pyrolyzed at different static pressures at 4-50 atm Ar. Figure 1 1 shows the 
trends observed. Although the behavior of H 2 O is not easily understood, the trends 
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Fig. 10 NH 4 CI/C 2 H 2 ratio from 3:1 AP-HTPB mixtures flash heated to the temper- 
atures shown under 4-atm Ar; concentrations for ail particle sizes were averaged. 

of the other products can be explained in terms of past work of this type . 147 As the 
pressure is increased, the CO, C0 2 , and NH 4 CI products appear with larger con- 
centration, whereas Co H 2 and HCN are decreased in concentration. Consequently, 
the application of higher pressures advances the extent of the AP-fuel reaction by 
forcing the products to remain longer in the reaction zone close to the heat source. 
That more NH 4 CI forms at the higher pressures is consistent with an increase in 
the amount of HC 104 -hydrocarbon chemistry relative to HCIO 4 -NH 3 chemistry. 
This is a direct result of the greater reactivity of the hydrocarbons toward HCIO 4 
compared to NH 3 (Refs. 125, 136, 145, and 146). 



Fig. 11 Mole fractions as a function of the static cell pressure of Ar for 3:1 AP 
(8 Mm)-HTPB flash heated to 440° C. 
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V. AP-HTPB with Ti(>2 and Melamine 

As complicated as the AP-HTPB interfacial chemistry is, the addition of a 
burning-rate modifier adds yet another dimension of complexity. Several reviews 
of such additives have appeared over the years. 2 3,43,44,148 The most commonly 
used class of modifiers has been the inorganic oxides, although interesting results 
can also be produced with organic additives. 149 Many studies propose that the 
ballistic modifier is active primarily in the condensed phase at the AP-binder 
interface, 110 ' 135,150,151 where electron transfer is important, 44,135 whereas others 
propose that the action primarily takes place in the gas phase. 65,152 

In this section the properties of TiOi in the AP-HTPB matrix are the main fo- 
cus in view of the recently discovered plateau burning behavior of AP-HTPB 
propellants in the 50-100 atm pressure range when 0.5-5% TiC >2 has been 
added. 17, 18 Prior to this discovery, Ti02 had been studied frequently as an additive 
with the results being somewhat contradictory. It had been described variously as 
inactive, 44,153 less active, 56 a suppressant to the burning rate 43 and as an acous- 
tic dampener that stabilizes combustion. 154 On the other hand, the addition of an 
ultrafine mixture of the anatase and rutile polymorphs of Ti0 2 promotes plateau 
burning in the AP-HTPB propellant. 17 The mechanism of action is not yet agreed 
upon, although thermogravimetric analysis (TGA) measurements indicate that the 
weight loss is faster when Ti 02 is present, 18 which suggests that some additional 
chemical reactivity has been introduced. As a sidelight, we explored the behavior of 
melamine in the AP-HTPB mixture. To our knowledge, past work on this additive 
has been limited, but is potentially interesting as a burning-rate suppressant. 149 

Flash pyrolysis of small quantities of a three-component mixture understandably 
has more potential problems with the sample uniformity than the single- and two- 
component systems. Consequently, completely reproducible results were difficult 
to obtain, and many repeated experiments were conducted to acquire a represen- 
tative set of results. With the caveat that some outlying results were obtained. 
Figure 12 shows the time sequence of the product evolution from a 3: 1 AP-HTPB 
mixture with 8-/zm AP that had been heated at 800°C s _1 to 405°C under 4 atm of 
Ar. Figure 13 shows the results of an equivalent experiment in which 5% TiC >2 had 
been added to the sample. Figure 14 is the same as the experiment shown in Fig. 12, 



Fig. 12 Rate for formation of products and the Pt filament control voltage trace for 
3:1 AP (8 ^m)-HTPB flash heated at 800° C s -1 to 405°C under 4-atm Ar. 
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Fig. 13 Rate of formation of gaseous products and the Pt filament control voltage 
trace for 3:1 AP (8 /zm)-HTPB containing 5% Ti0 2 (anatase) flash heated to 405°C 
under 4-atm Ar. 


except that 5% melamine was present in the sample. Comparing Figs. 12 and 13, 
the time to exotherm (the negative spike in the control voltage difference trace) is 
affected little by the addition of the TiOj, but Ti02 accelerates the rate of evolution 
of the gaseous products. This finding is consistent with TGA data 18 that revealed 
faster weight loss in a Ti02-containing AP-HTPB propellant sample. In contrast, 
Fig. 1 4 shows that melamine lengthens the time to exotherm, but has a small effect 
on the formation rate of the products. Consequently, we conclude that TiC> 2 , but not 
melamine, is a positive catalyst for decomposition under the conditions used here. 
TiC >2 does not destabilize the mixture in terms of the time-to-exotherm criterion 
of Fig. 4. Thus, it is probable that the surface temperature during combustion is 
similar with and without the TiC >2 additive, which is consistent with the notion 
that the surface temperature is not generally a strong function of the catalyst. 110 
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Fig. 14 Rate of formation of the gaseous products and the Pt filament control voltage 
trace for 3:1 AP (8 /Ltm)-HTPB containing 5% melamine flash heated to 405° C under 
4-atm Ar. 
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Fig. 15 Comparison of the maximum mole fractions of the gaseous products normal- 
ized to H 2 O for Figs. 12-14. 


Melamine, on the other hand, seems to stabilize the mixture somewhat in the con- 
text of Fig. 4 without affecting the decomposition rate. As a result, it may slightly 
decrease the surface temperature during combustion. 

Figure 15 is a bar graph that compares the mole fractions of the gaseous prod- 
ucts from the three formulations at their maximum point normalized to the mole 
fraction of HoO. These data were obtained on 8 -jitm AP, but the features shown 
also qualitatively apply to the other particle sizes. The presence of TiC >2 increases 
the relative amounts of HCN, C 2 H 2 , and NH 4 CI, which is the same effect seen 
in Fig. 8 , caused by reducing the AP particle size. That is, the relative propor- 
tion of condensed phase interfacial chemistry is somewhat higher when TiC >2 
is present. This seems to be consistent with the higher rate of product evolution 
shown in Fig. 13. The amount of CO 2 and CO are about the same or somewhat less, 
suggesting that the redox chemistry may be reduced to some extent by the presence 
of Ti 02 - Because these experiments were conducted at a pressure well below that 
where plateau burning is observed (50-100 atm) (Ref. 17), it is not at all certain 
that they have any relation to the mechanism of this phenomenon. If this observa- 
tion is valid at higher pressures, however, Ti 02 may dampen the amount of heat 
released and possibly contribute to a slowing of the burning rate. 

The effect of 5% melamine on the product ratios is small compared to the 
AP-HTPB mixture without the additives. This observation is consistent with the 
similarity of the product formation rates in Figs. 12 and 14. The main effect is 
to increase the amounts of CO 2 , CO, and NH 3 (NH 4 CI), which is understandable 
because decomposition of melamine itself by the AP radicals will produce CO, 
CO 2 , and NH 3 . Thus, the product distribution is somewhat skewed, but in an under- 
standable way. The behavior of melamine is consistent with the hypothesis 149 that 
the melamine suppresses the burning rate of the AP-HTPB mixture by affecting 
the heat transfer process rather than by altering the chemistry of the AP-HTPB 
system. 


VI. Conclusions 

Superatmospheric pressure, flash-heated, physical mixtures of AP and HTPB 
may provide insight into behavior at combustionlike conditions and provide a 
context for past studies conducted at other conditions. Some of the mechanistic 
features may help refine several details in modeling efforts. 
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It was clearly found that the AP-HTPB mixture is less thermally stable than the 
pure components, which is a strong indication that radical chain cleavage of the 
HTPB polymer is induced, and that the AP radical products are formed at a higher 
rate in the presence of hydrocarbons. These reactions become highly exothermic in 
the heterogeneous gas-condensed phase region as a result of oxidation-reduction 
processes. One useful observation is that C 2 H 2 is the highest molecular-weight 
hydrocarbon to survive the condensed-phase reactions in a measurable concen- 
tration. Its survival in part reflects that C 2 H 2 is the least readily oxidized of the 
available hydrocarbons. The remaining hydrocarbons are also oxidized faster than 
NH 3 , which leads to the liberation of some NH3 (detected as the recombination 
product of NH 3 and HC1 in the gas phase). The gaseous product ratios observed 
agree reasonably well with studies by Korobeinichev et al . 145 on the combustion 
of AP-binder mixtures at low pressure. 

The AP particle size effect can be seen clearly in the flash decomposition prod- 
ucts of the AP-HTPB mixture. More AP-fuel interfacial chemistry is apparent 
with the smaller particle sizes. The effect of increasing the pressure is to drive the 
reactions further toward the more thermodynamically stable products. 

The addition of TiC> 2 , which creates plateau burning in the AP composite propel- 
lant, had no effect on the thermal stability in terms of the time to exotherm. Instead, 
it acted as a catalyst, as evidenced by the faster rate of gaseous product evolution 
and a higher concentration of products resulting from the AP-HTPB interfacial 
chemistry. A lower concentration of the products from the more exothermic gas- 
phase redox reactions was generated that might have the effect of decreasing 
the burning rate. In contrast, the addition of melamine stabilized the AP-HTPB 
mixture by producing a longer time to exotherm, but did not significantly affect 
the AP-HTPB interfacial chemistry. This finding is consistent with the notion 
that melamine affects heat transfer by forming polymeric materials in addition 
to lower molecular-weight decomposition products . 149 The provocative question 
arises as to whether T-jump/FTIR spectroscopy might be used to provide more in- 
sight into the mechanisms of burning rate modifiers than has been available from 
other methods. 
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I. Introduction 

W ORLDWIDE, ammonium perchlorate (AP, NH4CIO4) and hydroxyl- 
terminated-polybutadiene (HTPB) composite mixtures, usually also con- 
taining aluminum powder and ballistic modifiers, are the most frequently used 
formulations in solid rocket propellants. In terms of publications, AP has been 
the most extensively investigated solid oxidizer since its introduction into pro- 
pellants, probably in the late 1940s 1 by the Jet Propulsion Laboratory. A large 
number of publications appeared in 1950-1970, and, by comparison, a relatively 
lesser number have appeared since then. The impressive review by Jacobs and 
Whitehead 2 was quite extensive in range and depth at the time of publication 
in 1969. The falloff in research interest after this time is reflected in the addi- 
tional information reviewed 10-15 years later , 3 but subsequent reviews of various 
aspects of decomposition, ignition , 4 and combustion 5- " 8 of AP-composite pro- 
pellants have appeared. A modest resurgence of new interest in AP-composite 
propellant decomposition and combustion is motivated in part by the availability 
of advanced methods of diagnostics , 9-13 by new kinetics data and methods of 
modeling , 14-16 and by intriguing plateau-burning behavior of some AP-HTPB 
formulations . 17,18 

Despite the widespread use and long investigative history of AP-fuel mixtures, 
it still can be said that AP alone and AP-fuel composites remain among the most 
confounding materials in the research setting. From the point of view of chemistry, 
one reason is that the full range of formal oxidation states of nitrogen and chlorine 
can apparently become involved, for example, the formal oxidation state of Cl in 
CIOJ is +7, whereas that of HC1 is -1; N in NH 4 is -3, whereas that of N in 
NO+ (Ref. 19) and HN0 3 (Ref. 20) is +5. When all of the various combinations of 
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N-, H-, O-, and Cl-containing compounds are considered together, in excess of 1 000 
chemical reactions become possible. 9 Likewise, the thermal decomposition of pure 
HTPB involves a number of processes and potentially leads to a large number of 
hydrocarbon products. 21-24 Because of the interactions between AP and HTPB 
during the decomposition process, the products from the pure materials will be 
altered in quantity or completely changed to different products. The diffusion 
flame structure that results from the pyrolysis of the heterogeneous composite 
surface is a feature that imparts a strong combustion dependence on the pressure, 
the AP particle size, and the oxidizer/fuel ratio. 16,25-28 Furthermore, a highly 
complex surface structure exists 29-31 with three phases present at least below 
50 atm (Ref. 32). 

Given the extraordinarily intertwined and complex processes involved in the 
decomposition and combustion of AP-HTPB mixtures, it is reasonable to won- 
der if adding another drop to the voluminous bucket of literature could possibly 
make any difference. After examining many open-literature papers in this field 
and conducting a large number of flash pyrolysis experiments in our laboratory, 
we decided to try to amalgamate our findings with many of those previously re- 
ported in the hope of contributing some useful insights. Our initial objective was 
to contribute something more quantitative about the condensed-phase chemistry 
dimension of the overall process. Given the complexity, however, this ambitious 
goal had to be scaled back to a more empirical set of mechanistic observations. 
The literature used is extensive, but is hardly comprehensive. The emphasis was 
placed on the chemistry of the heterogeneous AP-HTPB mixture in Sec. IV. To 
discuss this mixture in context, it is first necessary to summarize the experimen- 
tal methods in Sec. II and some of the relevant features of the pure materials in 
Sec. III. 


II. Flash Thermolysis Experiments 

The condensed-phase chemistry at a burning surface is extremely difficult to 
study. 33,34 In an attempt to learn more about rates and mechanisms, we have devel- 
oped several spectroscopically accessible flash thermolysis methods 35 culminating 
in the currently used method of temperature-jump (T-jump) Fourier transform in- 
frared (FTIR) spectroscopy. 11 The assumption is that flash pyrolysis of a thin film 
of material is a snapshot simulation of the burning surface provided that the heat- 
ing rate and temperature are high enough. The unique feature of this device is 
the use of a high-gain, fast-response, power supply to adjust the temperature of 
a Pt filament extremely rapidly to accommodate the endothermic and exothermic 
events of the sample. Thereby, an essentially constant, but high, temperature is 
maintained during the experiment. 

The concept of T-jump/FTIR spectroscopy 11,36,37 is shown in Fig. 1. Approxi- 
mately 200 fxg of material was thinly spread on the center of a polished Pt ribbon 
filament. The filament was arranged inside of a closed gas cell so that the infrared 
(IR) beam of a rapid-scanning FTIR spectrometer passed about 3 mm above the 
surface. The cell was purged with Ar and pressurized at any desired pressure up 
to 70 atm, although 50 atm was the highest pressure used in this work. By using 
the high-performance power supply, the filament and sample were heated at about 
800°C s -1 and then held at the chosen temperature in the 400-600°C range for the 
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Fig. 1 Basic design of the T-jump/FTIR spectroscopy experiment to give a snapshot 
simulation of the burning propellant surface. 


duration of the experiment. Data up to 500°C are given in this work. The relation 
between the applied voltage and the resulting filament temperature was calibrated 
for all experimental conditions by using melting point standards. 

Because of limitations in the rate of heat transfer between the filament and 
sample, 36,37 the data at <0.5 s are not necessarily isothermal. After this time the 
characteristic thermal diffusion time, which is the time required for one of the 
film faces to sense 60% of the temperature change at the other, is about 25 /us 
in this experiment. 36 This time is much faster than the data collection rate. Once 
equilibrated, the temperature is known to about ±2°C. As a result, the small 
changes in control voltage applied to the filament can be used to track the en- 
dothermic and exothermic events of the sample. An exotherm produces a sharp 
spike in the control voltage vs time trace. This marks the time to the exother- 
mic event. Transmission IR spectra of the gaseous products are recorded every 
100 ms at 4-cm -1 resolution simultaneously with the control voltage measure- 
ment. These data help outline the chemistry that takes place within the simulated 
surface reaction zone without the additional complicating contribution of the flame 
zone. 

At least three concerns arise about this simulation. First, the configuration of the 
experiment is not the same as the burning propellant in that the sample is heated 
from the underside by the filament rather than the topside by the near-surface 
primary flame reactions. As the reactions accelerate in the experiment, however, a 
very thin gas layer may develop between the steady heat source of the filament and 
the material. This process resembles film boiling, but is more transient because of 
the reacting dynamic surface. In some sense, however, the configuration of heat 
source to reactive gas layer to sample in the T-jump experiment resembles the 
configuration of flame to reactive gas layer to sample that exists during propellant 
burning. Second, during steady combustion of a propellant, the gaseous products 
flow against the chamber pressure. To simulate this condition in the snapshot T- 
jump experiment, argon gas was added to raise the internal pressure in the cell. 
Third, the film can not replicate all of the events of the burning surface. Connections 
seem to exist, however, between rapid heating of a film and steady combusting of a 
bulk energetic material. For example, the rate of mass loss from these mesoscopic 
films at fast heating rates resembles that calculated from the burning rate of a bulk 
material at the same (low) pressure. 33 On balance we know that the laboratory 
simulation of the burning surface by rapidly heating a film cannot be a perfect 
replication of the combustion conditions, but it is hoped that it offers some useful 
guidance for current and future propellant modeling efforts. 
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Four nominal particle diameters of AP (1.4, 8 , 18, and 44 fim) were obtained 
from the Thiokol Corporation. The HTPB used was propellant-grade R45M, whose 
structure is as follows: 



R-45M HTPB MW -2500 


Ti0 2 (anatase, 0.5 /im) and melamine (1, 3, 5-triamino-2, 4, 6 -triazine) were 
obtained from Aldrich Chemical Company. 

Mixtures were made on a weight percentage basis by thoroughly mixing them 
with an agate mortar and pestle. These uncured materials were then spread as a 
film of about 50 nm thickness onto the center of the Pt filament. Multiple data 
sets were recorded in search of reproducibility. It was found that the results in the 
first day after mixing were less reproducible than those taken at least a month after 
mixing. Thus, the slightly aged samples were used for this work. The IR spectra 
were converted into species concentrations by methods described before . 35 


III. Decomposition of the Pure Materials 

Although no new work on pure AP and pure HTPB was conducted in this 
project, the behavior of the AP-HTPB mixtures is difficult to appreciate without 
the context of the pure ingredients. In addition, some comments and cautionary 
notes about the pure materials may enhance the understanding of their pyrolysis 
and combustion. 

A. Pure AP 

Note that the purity of AP used in rocket propellants is 99.3-99.8% (Ref. 38), 
which raises the question about the role of the impurities in the various, sometimes 
contradictory, results reported for decomposition and combustion of AP. For ex- 
ample, it has long been known 39 that the burning rate of AP depends on the sample 
purity. This is vividly shown by the burning-rate behavior of single crystals of AP 
that have been isomorphously doped with <1% quantities of other ions . 38 40 Very 
dramatic effects are produced by both redox-active and nonactive ions. The most 
pronounced effect is with NOj , which has been shown to increase the burning rate 
by about 50% when it is present in the crystal lattice at about the 0.01% level . 19,40 
The amount of H 2 0 incorporated in the crystal lattice can also vary. This poten- 
tially affects the experimental decomposition and combustion results because H 2 0 
is known to suppress the burning rate, perhaps by decreasing the amount of rad- 
ical chemistry associated with HCIO4 (Ref. 41) or perhaps by decomposing the 
proposed NOj CIO 4 intermediate 19 to which the burning rate is very sensitive . 40 
An additional complication is that Ca 3 (P0 4 ) 2 is used to coat fine AP crystals to 
prevent caking . 42 Discussion of the extent that adventitious impurities might affect 
experimental results on AP is rare, and this factor may be a variable in some of the 
differing findings and opinions that have been published. This is particularly an 
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issue in light of the dramatic effects that the purposeful addition of salts can have 
on the decomposition and combustion of AP . 2, 3,19,38,40,43,44 

The earliest molecular event in hot AP is the orthorhombic-to-cubic solid- 
solid phase transition at about 240°C (Ref. 45). This transition occurs beneath 
the burning surface 30,46,47 and results from the transition of the CIO^ ion from 
restricted to unrestricted tumbling on the vibrational timescale 48 The ensuing 
destabilization of the AP crystal effectively facilitates the partial conversion from 
the ionic state to the neutral NH 3 and HCIO 4 molecules in the condensed phase. 
These molecular forms are not thermodynamically favored in the presence of 
one another and should be thought of as minor species that are in equilibrium 
with the ions. As the temperature is further raised, the crystal lattice is no longer 
stable and progressively liquefies , 30,38,46,49,50 in part because of depression of the 
melting point by the presence of reaction products. The thickness of the liquid 
layer during burning is at most about 10 /um at lower pressures based on scanning 
electron microscopy of quenched samples . 29,30 Chemical reactions concurrently 
take place in the liquid layer making it a mixture of components rather than a true 
AP melt. Attempts to characterize the liquid AP by spectroscopy resulted in an 
explosion, which is contrary to the more successful experience with liquefied RDX 
and HMX (Ref. 51). Hence, the chemical details of liquid AP to our knowledge 
remain unknown. 

The initial proton transfer step leading to NH 3 and HCIO 4 in the decompo- 
sition of pure AP is widely accepted , 10,12,41,50,52-57 and is highly endothermic 
(AHdissn = 58 ± 2 kcal/mol) (Ref. 52) with an activation energy E a of about half 
this value in the 200-250°C range . 58-62 An alternative point of view is that elec- 
tron transfer occurs to form NH 4 and CIO 4 radicals, and this predominates above 
350°C (Refs. 3, 44, 58, and 63). The basis for competing pathways is primarily the 
comparative values of E a for the proton and electron transfer processes relative to 
the E a value for AP decomposition. In the 250-350°C range, E a = 1 8.5 kcal/mol 
for electron transfer whereas E a — 30 kcal/mol for proton transfer . 3 E a for global 
decomposition in this range is about 20 kcal/mol (Ref. 3), which compares best 
with the electron transfer process. It is risky, however, to compare E a values for 
specific reactions to global decomposition rates 64 in a process as complicated as 
the thermal decomposition of AP. For example, A //d, ssn = 58 kcal/mol, which was 
measured below 250°C, will decrease as the temperature increases. In tandem, 
E a will also decrease bringing the proton and electron transfer rates more into 
line with one another at higher temperatures. Thus, it is probable that both proton 
and electron transfer rates compete to a degree that depends on the temperature, 
defect number, and purity of the AP crystal. Electron transfer will be strongly influ- 
enced by the presence of intentionally added or adventitiously present redox-active 
impurities. Redox-active catalysts acting in the condensed phase should primarily 
alter this mechanism as opposed to the proton-transfer mechanism. For AP used 
in rocket propellants, however, this initiating reaction may be a moot issue for 
the combustion of so-called pure AP because the secondary exothermic reactions 
resulting from the initial, endothermically formed products by the two processes 
rapidly become indistinguishable. 

The secondary reactions involving the initial products of the AP decomposition 
are very complex and are different from most other energetic materials because of 
the involvement of chlorine oxides. It is widely accepted that exothermic chemistry 
begins immediately after the crystal lattice begins to break down , 41,43,50,54,56 and 
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Table 1 Examples of surface temperatures reported for burning AP 


u 

0 

t-f 

Pressure, atm 

Remarks 

Reference 

330 

1 

Thermocouple 

65 

440 

13 

Optical pyrometry 

66 

650 

20 

IR pyrometry 

53 

680 

33 

IR pyrometry 

53 

720 

66 

IR pyrometry 

53 

525-600 

20-66 

Phase transition 

46 

442 ±30 

20-66 

Reanalysis of Ref. 46 

67 


that the liquid layer formed during combustion is frothy as a result of the formation 
of the gaseous products. The degree of exothermicity is not sufficient to sustain 
the burning of AP below about 15-atm pressure. Heat feedback from the flame 
zone is needed, and an estimate of the amount of heat released at the surface is as 
high as 70% (Ref. 57). The thickness of the liquid layer decreases with increasing 
pressure, and the layer appears gone by about 60 atm (Refs. 3, 29, and 30). 

The surface temperature of burning AP has been estimated by several methods 
and a few of the values are given in Table 1 (Refs. 46, 53, and 65-67). As is the 
case with many other energetic materials, the agreement among these data is poor, 
which reflects the difficulty of making an accurate measurement on a transient, 
multiphase, reaction surface. 

The details of the heterogeneous reactions involving the gaseous and liquid 
phases remain a murky and hopelessly complex subject. Numerous parallel and 
consecutive reactions occur that are affected by the pressure, temperature, and 
spatial location in the froth. It is generally agreed, however, that HC10 4 ac- 
celerates the decomposition , 41 ' 44,50 ’ 68,69 whereas NH 3 retards the rate at lower 
temperatures , 44 but accelerates it at higher temperatures . 50 Obviously, the relative 
roles of the heterogeneous reactions change with pressure and formulation, but the 
occurrence of reactions in the condensed phase is difficult to avoid. For example, 
assuming an average unit cell dimension of 7.5 A for AP (Ref. 70), a 1 /zm-thick 
surface reaction zone corresponds to about 1300 unit cell lengths. Given the time 
estimate for reactions of about 10 -3 s (Ref. 67) and the surface temperatures in 
Table 1 , there is ample time for many reactions to take place in the condensed phase. 
Unfortunately, the rate constants have not been measured for many of the possible 
reactions, especially when mediated by the heterogeneous condensed phase, and 
so there is little value in speculating further. Some of the reactions that provide 
radical chain carriers, for example, CIO, and species known to be important in 
other reaction schemes are listed as follows: 

HCIO 4 -► C10 3 + OH (Refs. 71 and 72) 

CIO 3 -* CIO + 0 2 (Ref. 71) 

CIO + NH 3 -»• NH 2 + HOC] (Ref. 2) 

CIO + NH 2 — >■ NH + HOC1 
NH 2 + OH — ► NH + H 2 0 (highly exothermic) 
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HC10 4 + HNO -*■ NO + C10 3 + H 2 0 (Refs. 9, 15, and 20) 

HCIO 4 + OH -> CIO 4 + H 2 0 (highly exothermic) (Ref. 15) 

HCIO 4 + Cl -> HC1 + C10 4 (Ref. 15) 

NH 3 + OH -> NH 2 + H 2 0 (Ref. 15) 

NH 3 + Cl -> NH 2 + HC1 (Ref. 15) 

Although radicals such as OH, CIO, and NH are detected after laser 
pyrolysis , 1013 most of the products detected by other methods are stable molecules 
with mostly even, but some odd, electron counts 2 ' 9 ' 20 ' 55 ’ 59,73,74 : N 2 0, NO, N0 2 , 
NOC1, HNOj, HCIO 4 , HC1, C10 2 , NH 3 , H 2 0, Cl 2 , 0 2 , N 2 , H 2 , and hydrated HC1 
and HCIO 4 . For example, the IR spectrum over AP flash heated at 800°C s " 1 to 
500°C under 4 atm of Ar is shown in Fig. 2 and reveals some of these products. The 
species just listed are later-stage products from the numerous elementary reactions 
between N, H, O, and Cl. Many of these products, along with some of the more 
reactive radicals, escape the surface and initiate the AP flame. Discussion of the 
flame structure is not the subject of this paper, but closure of this section is aided 
by summarizing the flame zone chemistry modeling efforts. Kishore 6 reviewed 
some of the models devised before 1976. 

Models of the combustion process reflect the wisdom and available experimen- 
tal data at the time of development. Understandably, the earlier models empha- 
size physical processes. Chemistry and energetics were sometimes incorporated 
globally, whereas the later models incorporate detailed chemistry. Physical ob- 
servations about the burning process of AP led to the earliest models based on 
the conservation equations and management of heat transfer . 75-79 Although these 
models were successful in fitting features such as the burning rate, the low-pressure 
deflagration limit, and some of the ignition behavior, it was difficult to extend them 
to include the binder, temperature sensitivity, and the details of the flame structure. 
Inclusion of chemistry was, therefore, needed. 

Manelis and Strunin 41 brought to light the probable behavior of the initial prod- 
ucts NH 3 and HCIO 4 during the burning of AP and, thereby, focused attention on the 
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Fig. 2 IR spectrum of the gaseous products from solid AP heated at 800°C s -1 and 
held at 500° C under 4 atm Ar. 
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role of chemical processes. In fact they asserted that the condensed phase chemistry 
dominates in the combustion processes. Comments of this type appeared along side 
the earliest chemistry-based model of AP combustion by Guirao and Williams, 57 
who used a 14-step gas-phase reaction mechanism to fit the burning-rate curve and 
also proposed that 70% of the heat is released in a global surface process. In another 
pioneering chemistry-based effort, Ermolin et al. 9 devised an 80-step mechanism 
with 24 species that was motivated by an attempt to fit the species profiles in the 
gas phase of AP burning at low pressure. 74 A subsequent more limited mechanism 
having 22 steps and 8 species 80 has been criticized by Cohen, 72 who updated sev- 
eral earlier mechanisms with 136 steps and 35 species. 14 He obtained reasonable 
agreement with the flame temperature. Tanaka and Beckstead 15 devised a com- 
bined gas-liquid-solid phase model of AP combustion in which the gas phase 
consisted of 107 steps and 32 species. They concluded that the condensed-phase 
kinetics much more strongly influenced the combustion characteristics than did 
physical properties, such as the thermal conductivity and density of the solid. The 
minor role played by heat conduction has been noted elsewhere. 81 


B. HTPB 

The use of HTPB as a binder in solid rocket propellants appears to date from 
about 1962 in work by the Aerojet Corporation. 42 Many stmctures of HTPB exist, 
and the most commonly used type (R45M, whose structure was shown in Sec. II) 
can be thought of as a terpolymer of cis-, trans-, and vinyl-linked butadiene units. 
In addition, the terminal groups, that are —OH in R45M are an additional variable. 
Also, -CO 2 H has been used as a terminal group (called CTPB), but is no longer 
used as a propellant binder in the United States. The copolymer of polybutadi- 
ene and acrylic acid (PBAA) and terpolymer of polybutadiene, acrylic acid, and 
acrylonitrile (PBAN) also have application as propellant binders. Several detailed 
reviews 27,82 and more specialized summaries 3,6,24,83 of polybutadienes, including 
their use in rocket propellant formulations, are available. 

Studies of the thermal decomposition of HTPB and related polymers at fast 
heating rates 24,83-89 and at slow heating rates 21-23, 90-104 are rather extensive. 
The decomposition process has a distinguishable, mildly exothermic compo- 
nent because bond forming processes occur along side of the bond-breaking 
processes. 83,89,102,104 Numerous fragments of the polymer have been detected, 
but the main species are the butadiene monomer, dimer (4-vinylcyclohexene), and 
trans-butadiene oligomers. Figure 3 shows the mole fractions of the major products 
from flash heating of a thin film of R45M at 800°C s -1 under 2 atm of Ar to the 
constant temperatures shown. 24 These species primarily indicate that random chain 
cleavage occurs along the polymer backbone followed by subsequent vaporization 
of the fragments. The presence of a high percentage of oligomers of butadiene 
relative to the monomer indicates that the zip length of HTPB is relatively small. 
That is, the formation of a radical due to bond cleavage in the polymer backbone 
does not result in an extensive propagation of the radical sites along the chain and, 
thus, liberates a comparatively low percentage of the monomer. 

The kinetics of formation of each of the products shown in Fig. 3 has been 
established recently at a high heating rate. 83 The behavior observed suggests that 
the process that controls the rate of appearance of the species in the gaseous 
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Fig. 3 Quantified gaseous product concentration profiles from flash heating of HTPB 
(R45M) to the temperature shown under 2 atm Ar (Ref. 24): BD = butadiene; 4-VCH = 
4-vinylcyclohexene; ET = ethylene; CP = cyclopentene; 1,5-HD = 1,5-hexadiene; 
trans-BDO = transbutadiene oligomers. 

phase shifts from one of bulk-phase chemical reaction control below 500-530°C 
to one of desorption/evaporation control above this temperature range. It has also 
been shown that urethane cross-linked HTPB upon fast heating regenerates the 
cross-linking agent that then vaporizes before the polymer fragments appear. 89 
This has been used to justify the use of uncross-linked HTPB to identify poten- 
tial hydrocarbon fragments released when the surface of an AP-HTPB mixture 
pyrolyzes. 24,83 The physical properties of the polymer-rich region of the mixture 
can be expected to differ depending on whether the cross-linking agent is present 
or not, but the focal chemistry question for this work was the extent to which the 
decomposition products of AP affect the decomposition process of HTPB. One 
study has suggested that there is little effect, 105 perhaps because AP mainly con- 
trols the burning rate of AP-HTPB mixtures, 3 especially above 70 atm (Ref. 106). 
Other studies indicate that the AP and HTPB interact during decomposition of the 
mixture. 27 - 107 - 109 


IV. AP-HTPB Mixture 

The complexity of the pyrolysis and combustion of pure AP and pure HTPB 
alone is magnified when the two are combined as a heterogeneous mixture. The 
overall event becomes a three-dimensional combination of homogeneous and het- 
erogeneous chemical and physical processes whose balance depends on the in- 
trinsic variables that are in play. 29, 110,111 A few of the general concepts expressed 
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about this process in the past 50 years are summarized next in the context of the 
present experiments. In some instances the fuel used by others was not HTPB, but 
the comments apply in general terms to AP mixed with any hydrocarbon fuel. 

First, one of the main themes of this section is the evidence that AP and HTPB 
interact during fast decomposition of the mixture. By design, the T-jump/FTIR 
spectroscopy experiment is intended for study of the condensed-phase chemical 
processes without the flame zone. Decomposition of energetic materials in the con- 
densed phase is inherently made complicated, however, because gaseous products 
form that leads to phase interfaces. In the case of AP-HTPB composite mixtures, 
additional interfaces also exist between the ingredients. Throughout this section the 
term interfacial is intended to group together these ill-defined reaction interfaces 
because they cannot be distinguished in the experiment. 

Second, a wide range of opinions exists with regard to the relative roles of the 
condensed and gas phases during combustion of propellants containing AP. Some 
believe that the condensed-phase chemistry almost totally controls the burning 
process, 41,57,112 whereas others merely favor an important role for the condensed 
phase. 25,31,32 ' 50 ' 54 ’ 108 ' 113-119 The other extreme is that the gas phase primarily 
controls the combustion process 68 - 70 ' 76,77, 88,120 and that interfacial chemistry in 
the condensed phase is not apparent. 120 Some of these distinctions may be pri- 
marily semantic given the unclear distinction of what the condensed phase is 
and where it becomes the gas phase. That is, if a liquid layer containing bub- 
bles exists, 32,71 ’ 111121 then the gas and condensed phases coexist. To complicate 
matters further, particles may be able to enter the gaseous phase. 112 ' 122 The sur- 
face structure of AP crystals is also highly nonuniform with ridges and valleys 
present. 29-32 

Third, it is generally accepted that the near-surface edge of the AP-fuel diffusion 
flame is an important site in the combustion process because it is the location of a 
large amount of exothermic redox chemistry. This concept enables features such 
as the dependence of the burning rate on the pressure and the AP particle size to 
be understood. 25,26 ’ 28,123,124 

Fourth, during the ignition stage, heterogeneous gas-condensed-phase reactions 
are believed to dominate, 54 106 125-127 as opposed to an entirely gas-phase ignition 
event, but this view requires careful interpretation. 128 Thus, it has been widely 
stated 12,26,31 ' 54 ’ 81 ’ 88 115, 118,129-131 that interfacial chemistry plays a major role in 
the condensed-phase, surface, and near-field gas-phase processes of AP-binder 
mixtures, although agreement is not universal. 713 - The problem is to define what 
reactions occur under what conditions. 

We accepted that elucidation of the chemical details of the condensed phase 
of AP-HTPB mixtures at combustion-like conditions was probably beyond the 
present ability of chemical diagnostics, although this issue is recognized to be 
perhaps the major deficiency in understanding in this field. 8,15 This project was 
undertaken with the hope of adding additional insights at fast heating rates because 
most past chemistry studies on the AP-HTPB mixtures have been undertaken at 
low (<100°C/min) heating rate conditions. 2 ’ 44,55 ' 58,59,61-63,73,113,114,132-134 


A. Thermal Stability of the Mixture 

T-jump/FTIR spectroscopy makes it possible to measure the time to exotherm at 
relatively high temperatures, because flash heating to a controlled set temperature is 
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Fig. 4 Times-to-exotherm data for films of the samples (44-/zm AP) heated at 
800 C s _1 to the temperature shown under 4-atm Ar; HTPB was studied at 1-atm 
pressure of Ar. 

performed. By monitoring the control voltage trace of the Pt filament that maintains 
this constant set temperature as a function of time, the time to exotherm at a series 
of temperatures can be obtained. The temperature range was chosen with an eye 
on the T s values in Table 1, although practical considerations dictated the use of 
the lower end of the range (375-500°C). 

Figure 4 shows the time-to-exotherm plot for pure HTPB, pure AP, and two 
physical mixtures of AP with different weight ratios of HTPB. The theoretical basis 
of this type of plot has been discussed 36 including that the curvature is related to the 
changing role of heat transfer as a function of temperature. This is not the main point 
of interest here. The relevant point is the relative positions of the curves. Figure 4 
shows that pure HTPB and pure AP are both more stable in terms of the time to 
exotherm at a given temperature than either of the physical mixtures of AP-HTPB. 
This finding is consistent with previous studies that found AP-fuel mixtures to be 
less thermally stable 25, 108, 109 ' 135 and to bum faster 39 than the pure components and 
is evidence that interfacial, exothermic, free-radical chemistry in the condensed 
phase contributes to the early stages of pyrolysis of AP-HTPB mixtures. This 
is despite the initial decomposition reaction, which is proton transfer involving 
the AP, being highly endothermic. The rapid, highly exothermic, secondary redox 
reactions quickly destabilize the mixture compared to the pure components. Thus, 
these results are consistent with the existence of exothermic surface reactions for 
AP-HTPB, as has been postulated before. 28 108 ' 110,126 ' 133 


B. Gaseous Products 

In accordance with the apparent occurrence of some interactive chemistry of the 
AP-fuel mixture in the condensed phase, the gaseous products from flash heating 
of a thin film of the 3: 1 AP-HTPB mixture (Fig. 5) are dramatically different from 
those of pure AP (Fig. 2) and HTPB (Fig. 3). An interesting observation is the nature 
of the hydrocarbon products detected. Unlike pure HTPB, the highest molecular 
weight hydrocarbon observed is C 2 H 2 . This implies that radicals formed when 
AP decomposes cause extensive radical chain cleavage of the HTPB backbone 
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Fig. 5 IR spectrum from 1 .4-fim AP-HTPB at a 3: 1 weight-weight ratio flash heated 
at 800°C s -1 to 410°C under 4-atm Ar. 


resulting in extremely fast disintegration of the polymer and liberation of only the 
most stable low molecular weight hydrocarbons. It is believed that HGO 4 and its 
derived radicals attack the polymer . 125136 The absence of high molecular weight 
hydrocarbons from pyrolysis of AP-fuel mixtures has been observed by others 
using a variety of diagnostic and heating methods . 12116 ' 118131 ' 132,136 As has been 
done recently, this makes low molecular weight hydrocarbons the most relevant for 
use in studying and modeling the diffusion flame structure of an AP-fuel mixture . 1 6 

Other major differences are apparent when Figs. 2 and 5 are compared. Pure 
AP in Fig. 2 liberates NO, NOC1, N z O, N0 2 , HN0 3 , and HCIO 4 , which reflect 
only partially completed redox chemistry because an insufficient amount of fuel 
(NH 3 ) is present. Hence, various oxides of nitrogen form with intermediate formal 
oxidation states of N. On the other hand, when the hydrocarbon fuel is available, 
the needed fuel, as well as the ease of oxidizing the hydrocarbons compared to 
NH 3 , is apparent in the fraction of carbon oxides, as opposed to nitrogen oxides, 
that dominate. In fact, no nitrogen oxides at all are detected from the AP-HTPB 
mixture by IR spectroscopy. Discussion of several further details about the product 
ratios is deferred until later in this section. 

Figures 6 and 7 show the trends in the mole fractions as a function of the py- 
rolysis temperature for 1 .4- and 44-/iun-diam AP, respectively, in a 3: 1 AP-HTPB 
mixture. The main difference in this case is the different amount of contact be- 
tween the AP and HTPB because the surface area of the AP particles scales as 
1/r 2 . In Fig. 6 , the products from 1.4-/rm AP exhibit a mild dependence on the 
temperature, especially at the lower end of the range. This is not so much the case 
with the other AP particle sizes used ( 8 , 18, and 44 /im). For example, Fig. 7 
for 44-//m AP shows less dependence of the gaseous product concentrations on 
the pyrolysis temperature. An additional manifestation of the larger AP surface 
area of 1 A-fim AP is that the 3: 1 weight-weight ratio sample has a cakey appear- 
ance, whereas the samples with larger particles are thick fluids. Apparently the 
higher surface area of 1 ,4-/im AP enables more complete wetting by HTPB and, 
thus, has less free HTPB to act as a fluidizing medium. The more intimate contact 
of the HTPB with the smaller AP crystals enhances the opportunity for radical 
reactions to occur between the binder and oxidizer. Bakhman earlier arrived at 
the same conclusion . 137 This maximizes the opportunity for the AP-binder reac- 
tion over a wide range of conditions and leads to the dependence of the product 
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Fig. 6 Mole fractions of the gaseous products from flash heating of 3: 1 AP (1 .4 /im )- 
HTPB at 800° C s _I to the temperatures shown under 4-atm Ar. 


ratios on the pyrolysis temperature shown in Fig. 6. Earlier experimental findings 
and modeling principles are consonant with this result. For example, it is known 
that the binder type plays a lesser role in the burning rate for larger AP particle 
sizes, 121 which suggests that the amount of interfacial chemistry is less. Models 
of composite propellant burning 6 ' 26 ’ 28 - 71 ' 1 15 - 123 - 138 have paid attention to larger AP 
particles in composite propellants tending to give lower burning rates, especially at 
higher pressures 39 - 40,1 - 8 ' 139 ' 140 because the diffusion flame develops farther from 
the pyrolysis surface. Smaller AP particles, on the other hand, lead to better fuel- 
oxidizer mixing closer to the surface. 28 137 Some chemical details of the diffusion 
flame are beginning to emerge. 16 

The gaseous product ratios shown in Fig. 6 compare quite well with those found 
by Korobeinichev et al., 116 who determined them by probing the flame of a 5:1 
AP-CTPB mixture at a subatmospheric pressure by TOF mass spectrometry 
(Table 2). In constructing Table 2, their data at about 2 mm above the surface 
were used and were normalized to ours by removing the small amounts (<3%) of 
CI 2 , 02 , N 2 , H 2 , and HOC1 that were not detected with the IR spectroscopy method. 
We verified by separate mass spectrometry and Raman spectroscopy experiments 
that small amounts of CI 2 , N 2 , and H 2 are indeed present in our experiment. HOC1 
was not detected. In view of the different fuel-oxidizer ratio and the different end 
groups used in the fuel in the comparison in Table 2, the agreement is satisfactory. 
One obvious difference is that we detected NH4CI. This is an artifact of quenching 
by the cool Ar atmosphere that enables NH 3 and HC1 to recombine. This recom- 
bination is not favored in the flame and contributes to the higher quantity of HC1 
reported by Korobeinichev et al. 116 
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Fig. 7 Mole fractions of the gaseous products from flash heating of 3: 1 AP (44 n m )~ 
HTPB at 800°C s -1 to the temperatures shown under 4-atm Ar. 

As a method to summarize the effect of the AP particle size on the mole fractions 
of the gaseous products, the data for each particle size were averaged over the 400- 
440°C range and plotted as a function of the particle size. The result is shown in 
Fig. 8. As discussed earlier and shown in Fig. 6, the results for 1 ,4-/zm AP are 
somewhat atypical, and so attention is mainly focused on the trends for >8 nm 
particle sizes of AP. The trends are that the concentrations of HCN and C 2 H 2 
tend to decrease whereas CO 2 and CO tend to increase with increasing particle 


Table 2 Comparison of the mole 
fractions of gaseous products from 
AP-polybutadiene mixtures 


Product 

Ref. 116 

This work 

h 2 o 

29 

33 

CO 

23 

24 

HC1 

23 

12 

HCN 

7 

13 

C0 2 

11 

8 

c 2 h 2 

5 

5 

NH, 

3 

5 a 


‘As NH4CI. 
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Fig. 8 Mole fractions of the gaseous products averaged over 400-440° C as a function 
of the AP particle size; data were taken at 4-atm Ar. 

size. Various explanations can be imagined, but one that is consistent with the 
experimental design is suggested here. The HCN and C2H2 contain carbon in 
lower oxidation states and, thus, reflect incomplete oxidation of the hydrocarbon 
fuel. This suggests that less interfacial AP-fuel chemistry occurs with the larger AP 
crystals, which is consistent with their lower surface area. As a result, more of the 
AP-based decomposition products have not reacted with the binder at the interface 
in the condensed phase and are, instead, able to form the gaseous phase, where 
they can then react. Hence, there is proportionally more gas-phase redox chemistry 
possible with the larger particle sizes that results in larger amounts of CO2 and CO. 

Figure 9 shows the trend in the ratio of C2H2 to CO2 as a function of the 
ratio of AP to HTPB. The C2H2/CO2 ratio partly reflects the relative extents of 
cleavage of the polymer backbone vs oxidation of the fragments. At low AP-HTPB 
ratios, where the mixture is strongly fuel rich, a small amount of ethylene, C2H4, 
was also detected, but the predominate hydrocarbon is still C 2 H 2 . Hence, even in a 
fuel-rich mixture, the fuel pyrolysis process is completely unlike that of pure HTPB 
(Fig. 3 ) because the AP-based radicals attack the polymer backbone and cause 
radical chain cleavage. Not surprisingly, however, the C2H2/CO2 ratio decreases 
as the AP-HTPB ratio increases because more hydrocarbon oxidation can occur. 
There is possibly a dependence of the C2H2/CO2 ratio on the AP particle size in 
Fig. 9 , which becomes more pronounced with the larger particle sizes. 

Widely used combustion models of composite propellants that emphasize con- 
trol of combustion by the leading edge of the diffusion flame handle the relative 
balance between the fuel and oxidizer species in the gas phase by an adjustable 
parameter (Refs. 28 and 138 ). Other approaches over the years use the concept 
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Mixture Ratio (AP:HTPB) 

Fig. 9 C 2 H 2 /CO 2 ratio as a function of AP particle size in 3:1 AP-HTPB mixtures 
flash heated to 440° C under 4-atm Ar. 

of two temperatures 39,141,142 and different activation energies 143 at the surface of 
a burning AP-composite propellant. That is, one temperature or activation energy 
applies to pyrolysis of the binder whereas another applies to pyrolysis of the AP 
crystal. The conclusion we would draw from the current chemistry study is that the 
two-temperature concept would be most appropriate for larger AP particle sizes 
and for AP-fuel mixtures that are somewhat less than stoichiometric. 

As noted earlier in the products from pure AP (Fig. 2) compared to those from the 
AP-fuel mixtures (Figs. 6 and 7), an important difference is the presence of NH 4 C1 
in the latter. NH 4 CI has been seen before as a product of the AP-fuel mixture at slow 
heating rates . 144 The formation of NH 4 CI reflects the competitive oxidation rates of 
NH 3 and the hydrocarbons in which the hydrocarbons win . 145,146 The hydrocarbon 
fragments, except possibly C 2 H 2 , are more easily oxidized than NH 3 , which results 
in the liberation of some unreacted NH 3 in the AP decomposition process. The 
appearance of C 2 H 2 in the gas phase reflects that C 2 H 2 is oxidized more slowly 
than are the other hydrocarbons . 145 Figure 10 shows the NH 4 CI/C 2 H 2 ratio as a 
function of temperature when the data are averaged for the four AP particle sizes. 
At lower temperatures, less of the NH 3 is oxidized relative to the hydrocarbons so 
that the ratio is higher compared to that at higher temperatures. The rather large 
error bars of Fig. 10 result from the averaging of the different particle sizes, rather 
than the true error in an individual measurement. The trend shown was found in 
all of the data. 


C. Effect of Pressure 

These flash pyrolysis studies to establish some of the chemical features of AP- 
HTPB mixtures were conducted at 1-5 atm of Ar so that the reaction zones would 
be stretched with the hope of seeing more than just the thermodynamically stable 
final products. These pressures do not apply to steady combustion conditions of a 
rocket motor. Therefore, 8 -/zm-diam AP particles in a 3: 1 AP-HTPB mixture were 
flash pyrolyzed at different static pressures at 4-50 atm Ar. Figure 1 1 shows the 
trends observed. Although the behavior of H 2 O is not easily understood, the trends 
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Fig. 10 NH 4 CI/C 2 H 2 ratio from 3:1 AP-HTPB mixtures flash heated to the temper- 
atures shown under 4-atm Ar; concentrations for ail particle sizes were averaged. 

of the other products can be explained in terms of past work of this type . 147 As the 
pressure is increased, the CO, C0 2 , and NH 4 CI products appear with larger con- 
centration, whereas Co H 2 and HCN are decreased in concentration. Consequently, 
the application of higher pressures advances the extent of the AP-fuel reaction by 
forcing the products to remain longer in the reaction zone close to the heat source. 
That more NH 4 CI forms at the higher pressures is consistent with an increase in 
the amount of HC 104 -hydrocarbon chemistry relative to HCIO 4 -NH 3 chemistry. 
This is a direct result of the greater reactivity of the hydrocarbons toward HCIO 4 
compared to NH 3 (Refs. 125, 136, 145, and 146). 



Fig. 11 Mole fractions as a function of the static cell pressure of Ar for 3:1 AP 
(8 Mm)-HTPB flash heated to 440° C. 
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V. AP-HTPB with Ti(>2 and Melamine 

As complicated as the AP-HTPB interfacial chemistry is, the addition of a 
burning-rate modifier adds yet another dimension of complexity. Several reviews 
of such additives have appeared over the years. 2 3,43,44,148 The most commonly 
used class of modifiers has been the inorganic oxides, although interesting results 
can also be produced with organic additives. 149 Many studies propose that the 
ballistic modifier is active primarily in the condensed phase at the AP-binder 
interface, 110 ' 135,150,151 where electron transfer is important, 44,135 whereas others 
propose that the action primarily takes place in the gas phase. 65,152 

In this section the properties of TiOi in the AP-HTPB matrix are the main fo- 
cus in view of the recently discovered plateau burning behavior of AP-HTPB 
propellants in the 50-100 atm pressure range when 0.5-5% TiC >2 has been 
added. 17, 18 Prior to this discovery, Ti02 had been studied frequently as an additive 
with the results being somewhat contradictory. It had been described variously as 
inactive, 44,153 less active, 56 a suppressant to the burning rate 43 and as an acous- 
tic dampener that stabilizes combustion. 154 On the other hand, the addition of an 
ultrafine mixture of the anatase and rutile polymorphs of Ti0 2 promotes plateau 
burning in the AP-HTPB propellant. 17 The mechanism of action is not yet agreed 
upon, although thermogravimetric analysis (TGA) measurements indicate that the 
weight loss is faster when Ti 02 is present, 18 which suggests that some additional 
chemical reactivity has been introduced. As a sidelight, we explored the behavior of 
melamine in the AP-HTPB mixture. To our knowledge, past work on this additive 
has been limited, but is potentially interesting as a burning-rate suppressant. 149 

Flash pyrolysis of small quantities of a three-component mixture understandably 
has more potential problems with the sample uniformity than the single- and two- 
component systems. Consequently, completely reproducible results were difficult 
to obtain, and many repeated experiments were conducted to acquire a represen- 
tative set of results. With the caveat that some outlying results were obtained. 
Figure 12 shows the time sequence of the product evolution from a 3: 1 AP-HTPB 
mixture with 8-/zm AP that had been heated at 800°C s _1 to 405°C under 4 atm of 
Ar. Figure 13 shows the results of an equivalent experiment in which 5% TiC >2 had 
been added to the sample. Figure 14 is the same as the experiment shown in Fig. 12, 



Fig. 12 Rate for formation of products and the Pt filament control voltage trace for 
3:1 AP (8 ^m)-HTPB flash heated at 800° C s -1 to 405°C under 4-atm Ar. 
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Fig. 13 Rate of formation of gaseous products and the Pt filament control voltage 
trace for 3:1 AP (8 /zm)-HTPB containing 5% Ti0 2 (anatase) flash heated to 405°C 
under 4-atm Ar. 


except that 5% melamine was present in the sample. Comparing Figs. 12 and 13, 
the time to exotherm (the negative spike in the control voltage difference trace) is 
affected little by the addition of the TiOj, but Ti02 accelerates the rate of evolution 
of the gaseous products. This finding is consistent with TGA data 18 that revealed 
faster weight loss in a Ti02-containing AP-HTPB propellant sample. In contrast, 
Fig. 1 4 shows that melamine lengthens the time to exotherm, but has a small effect 
on the formation rate of the products. Consequently, we conclude that TiC> 2 , but not 
melamine, is a positive catalyst for decomposition under the conditions used here. 
TiC >2 does not destabilize the mixture in terms of the time-to-exotherm criterion 
of Fig. 4. Thus, it is probable that the surface temperature during combustion is 
similar with and without the TiC >2 additive, which is consistent with the notion 
that the surface temperature is not generally a strong function of the catalyst. 110 
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Fig. 14 Rate of formation of the gaseous products and the Pt filament control voltage 
trace for 3:1 AP (8 /Ltm)-HTPB containing 5% melamine flash heated to 405° C under 
4-atm Ar. 
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Fig. 15 Comparison of the maximum mole fractions of the gaseous products normal- 
ized to H 2 O for Figs. 12-14. 


Melamine, on the other hand, seems to stabilize the mixture somewhat in the con- 
text of Fig. 4 without affecting the decomposition rate. As a result, it may slightly 
decrease the surface temperature during combustion. 

Figure 15 is a bar graph that compares the mole fractions of the gaseous prod- 
ucts from the three formulations at their maximum point normalized to the mole 
fraction of HoO. These data were obtained on 8 -jitm AP, but the features shown 
also qualitatively apply to the other particle sizes. The presence of TiC >2 increases 
the relative amounts of HCN, C 2 H 2 , and NH 4 CI, which is the same effect seen 
in Fig. 8 , caused by reducing the AP particle size. That is, the relative propor- 
tion of condensed phase interfacial chemistry is somewhat higher when TiC >2 
is present. This seems to be consistent with the higher rate of product evolution 
shown in Fig. 13. The amount of CO 2 and CO are about the same or somewhat less, 
suggesting that the redox chemistry may be reduced to some extent by the presence 
of Ti 02 - Because these experiments were conducted at a pressure well below that 
where plateau burning is observed (50-100 atm) (Ref. 17), it is not at all certain 
that they have any relation to the mechanism of this phenomenon. If this observa- 
tion is valid at higher pressures, however, Ti 02 may dampen the amount of heat 
released and possibly contribute to a slowing of the burning rate. 

The effect of 5% melamine on the product ratios is small compared to the 
AP-HTPB mixture without the additives. This observation is consistent with the 
similarity of the product formation rates in Figs. 12 and 14. The main effect is 
to increase the amounts of CO 2 , CO, and NH 3 (NH 4 CI), which is understandable 
because decomposition of melamine itself by the AP radicals will produce CO, 
CO 2 , and NH 3 . Thus, the product distribution is somewhat skewed, but in an under- 
standable way. The behavior of melamine is consistent with the hypothesis 149 that 
the melamine suppresses the burning rate of the AP-HTPB mixture by affecting 
the heat transfer process rather than by altering the chemistry of the AP-HTPB 
system. 


VI. Conclusions 

Superatmospheric pressure, flash-heated, physical mixtures of AP and HTPB 
may provide insight into behavior at combustionlike conditions and provide a 
context for past studies conducted at other conditions. Some of the mechanistic 
features may help refine several details in modeling efforts. 
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It was clearly found that the AP-HTPB mixture is less thermally stable than the 
pure components, which is a strong indication that radical chain cleavage of the 
HTPB polymer is induced, and that the AP radical products are formed at a higher 
rate in the presence of hydrocarbons. These reactions become highly exothermic in 
the heterogeneous gas-condensed phase region as a result of oxidation-reduction 
processes. One useful observation is that C 2 H 2 is the highest molecular-weight 
hydrocarbon to survive the condensed-phase reactions in a measurable concen- 
tration. Its survival in part reflects that C 2 H 2 is the least readily oxidized of the 
available hydrocarbons. The remaining hydrocarbons are also oxidized faster than 
NH 3 , which leads to the liberation of some NH3 (detected as the recombination 
product of NH 3 and HC1 in the gas phase). The gaseous product ratios observed 
agree reasonably well with studies by Korobeinichev et al . 145 on the combustion 
of AP-binder mixtures at low pressure. 

The AP particle size effect can be seen clearly in the flash decomposition prod- 
ucts of the AP-HTPB mixture. More AP-fuel interfacial chemistry is apparent 
with the smaller particle sizes. The effect of increasing the pressure is to drive the 
reactions further toward the more thermodynamically stable products. 

The addition of TiC> 2 , which creates plateau burning in the AP composite propel- 
lant, had no effect on the thermal stability in terms of the time to exotherm. Instead, 
it acted as a catalyst, as evidenced by the faster rate of gaseous product evolution 
and a higher concentration of products resulting from the AP-HTPB interfacial 
chemistry. A lower concentration of the products from the more exothermic gas- 
phase redox reactions was generated that might have the effect of decreasing 
the burning rate. In contrast, the addition of melamine stabilized the AP-HTPB 
mixture by producing a longer time to exotherm, but did not significantly affect 
the AP-HTPB interfacial chemistry. This finding is consistent with the notion 
that melamine affects heat transfer by forming polymeric materials in addition 
to lower molecular-weight decomposition products . 149 The provocative question 
arises as to whether T-jump/FTIR spectroscopy might be used to provide more in- 
sight into the mechanisms of burning rate modifiers than has been available from 
other methods. 
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Chapter 1.2 


Gas-Phase Chemical Kinetics of [C, H, N, O] 
Systems Relevant to Combustion 
of Nitramines 

D. Chakraborty* and M. C. Lint 
Emory University, Atlanta, Georgia 


I. Introduction 

S IGNIFICANT progress has been made in recent years in modeling the combus- 
tion of nitramines, particularly hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX) 
and, to some extent, tetranitrotetraazacyclooctone (HMX). 1-8 In most of these 
computer simulation studies, the burning rate of RDX and, in some cases, species 
concentration profiles above the propellant surface can be reasonably accounted 
for. However, the agreement depends largely on an assumed condensed-phase 
mechanism that provides an estimated initial gas-phase species composition, pos- 
sibly containing RDX, CH 2 NNO 2 , CH 2 N, CH 2 O, HCN, NO*, and N 2 0, among 
others. The decomposition of larger molecular and radical species (e.g., RDX, 
CH 2 NN0 2 , CH 2 NO, and CH 2 N) produces key chain carriers such as H and OH, 
whose reactions lead to the release of the available energy. 

The rate constants for the fragmentation of these large molecules and radicals 
are not known because of the inherent experimental difficulty in producing and 
monitoring them in the gas phase. Consider the CH 2 N radical (a pivotal radical 
in the dark zone) for example. The lack of a known fluorescing state of this 
radical makes its direct probing by such sensitive techniques as laser-induced 
fluorescence impossible. 

To minimize the uncertainty and the subjectivity in these modeling studies 
and to improve our understanding of complex combustion chemistry, we have 
recently carried out a series of theoretical investigations on the kinetics and 
the mechanisms of several [C, H, N, O] systems relevant to the combustion of 
nitramines such as ammonium dinitramide (ADN) and RDX by using high-level 
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ab initio molecular orbital (MO) and statistical theory calculations. In this ini- 
tial effort, we focus our calculations on midsized molecular and radical species 
containing 4—5 heavy atoms; for example, HNNO, HNNO 2 , CH 2 NO, CH 2 NNO, 
CH 2 NNO 2 , and CH 2 NN 2 O. These species are the intermediates of the bimolec- 
ular reactions of NH with NO* and CH 2 N with NO* and N 2 O, which are impor- 
tant to the combustion of ADN and/or RDX/HMX nitramines near their burning 
surfaces. 

Our discussion of these near-field chemical reactions centers on [H, N, O] and 
[C, H, N, O] systems; both chemical systems are closely linked, particularly after 
the binder chemistry is introduced to simulate the combustion of the two major 
classes of energetic materials (ADN and RDX/HMX). 


II. Computational Methods 
A. Potential-Energy Profile and Reaction Mechanisms 

A reliable ab initio MO prediction of the potential-energy surfaces (PESs) of 
chemical reactions, such as primary and secondary reactions occurring in ADN 
or RDX/HMX combustion considered in this review, is a prerequisite to the ac- 
curate calculation of their rate constants. Because of the significant progress 
made in the field of computational chemistry in recent years, it is now possi- 
ble to perform calculations of PESs for the reactions between small molecules 
and radicals to chemical accuracy. The Gaussian- X (GX) (X = 1, 2, 3) series of 
methods developed by Pople et al. 9 and Curtiss et al. 10 13 are aimed at achiev- 
ing the prediction of molecular energies to within 1-2 kcal/mol. The more re- 
liable G2 methodology uses a series of quadratic configuration interaction with 
single, double (triple) substitutions 14 [QCISD(T)] and Mpller-Plesset MP4 and 
MP2 (Ref. 15) calculations with various basis sets to approximate a QCISD(7’)/6- 
311+ G{3df,2p) calculation with an additional empirical higher-level correc- 
tion based on the number of paired and unpaired electrons. The geometry in 
G2 is optimized at the MP2/6-3 1 G(d,p) level and vibrational frequencies are 
calculated at the Hartree-Fock HF/6-31G(d) level of theory. Before the submis- 
sion of this study, the third improved version in this series, G3, appeared in the 
literature. 13 

Various modifications of the G2 scheme, with the goal of improving its perfor- 
mance for transition states (TSs) and for radical species, have been proposed. 1617 
In the present calculations we use the modified G2 (G2M) scheme developed at 
Emory University. 17 The scheme uses a series of restricted coupled-cluster with 
single, double (triple) substitutions 18-21 [RCCSD(T)], MP2, and MP4 calculations 
to approximate an RCCSD(T)/6-3 1 1 +G(3d f,2p) energy based on the geometries 
and vibrational frequencies calculated at the B3LYP/6-31 1 G{d,p) level of theory, 
that is, Becke’s three-parameter nonlocal exchange functional 22-24 in conjunction 
with the nonlocal correlation functional of Lee, Yang, and Parr. 25 Three different 
versions of the scheme have been proposed for varying molecular sizes. 17 Depend- 
ing on the size of the molecules involved in the chemical reactions considered in 
this study, an appropriate version of this scheme is implemented. All three versions 
of the method are briefly summarized below. 
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In all three versions, the base energy, £ bas = £[PMP4/6-31 1 G(d,p)], and the 
B3LYP/6-311G(d,/>) zero point energy (ZPE) correction are used: 

1) £[G2M(RCC)] = £ bas + AE(+) + A E(2df) + AE (RCC) + A' + A£(HLC, 
RCC2) + ZPE where 

A£(+) = £[PMP4/6-31 \+G{d,p)] - £ bas 

AE(2df) = £fPMP4/6-31 \G(2df ,p)] - £ bas 

A£(RCC) = £[RCCSD(:r)/6-311G(d,;>)] - £ bas 

A' = £ [MP2/6-3 1 1 G(3df ,2p)] - £[MP2/6-311G(2d/,2/>)] 

- £[MP2/6-31 l+G(<i,/>) + £[MP2/6-311G(d,p)] 

A£(HLC,RCC2) = — 5.1 In p — 0.19n a , where n a and are the number of a and 

valence electrons, respectively. This version is used for systems containing three 
to four heavy atoms. 

2) £[G2M(Rcc,MP2)] = £ bas + AE(+3df,2p) + A£(RCC) + A£(HLC, 
RCC5) + ZPE where 

AE(+3df,2p) = £ [MP2/6-3 1 l+G(3d f ,2 p)] - £[MP2/6-311G(<i,p)] 
A£(RCC) = £[RCCSD(£)/6-31 lG(rf,p)] - £ bas 
A£(HLC,RCC5) = -5.25n^ - 0.19n„ 

This version is used for systems containing five to six heavy atoms. 

3) £[G2M(rcc,MP2)] = £ bas + AE(+3df,2p) + A'£(RCC) + A£(HLC, 
RCC6) 4- ZPE where 

AE(+3df,2p) = E [MP2/6-3 ll+G{3df ,2p)] - E [MP21 6-3 11 G(d,p)] 
A'£(RCC) = £[RCCSD(T)/6-31G(c?,p)] - £[PMP4/6-31G(<f,p)] 
A£(HLC,RCC5) = -4.93/^ - 0.19n„ 

This version is used for systems containing up to seven heavy atoms. 

In all three versions, the geometries and the vibrational frequencies of the 
systems studied are obtained at the B3LYP/6-31 \G(d, p) level. All the station- 
ary points have been positively identified for local minima (with the number 
of imaginary frequencies NIMAG = 0), TSs (NIMAG= 1), or higher-order tops 
(NIMAG > 1). To confirm that the TSs connect between designated intermediates, 
we also performed intrinsic reaction coordinate calculations 26 at the B3LYP/6- 
311 G(d, p) level. All calculations were carried out with Gaussian 94 (Ref. 27) 
and MOLPRO 96 (Ref. 28) programs. 

B. Rate Constant Calculations 

Because many of the reactions considered in this review do not have a well- 
defined TS because of the absence of a reaction barrier, canonical variational 
Rice-Ramsperger-Kassel-Marcus (cVRRKM) calculations 29 have been carried 
out. According to the canonical variational theory 30,31 (CVT), the rate constant 
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k CVT at T is obtained by maximizing AG(T,s) with respect to the reaction coordi- 
nate s. The position of the dividing surface associated with the maximum A G(T,s) 
is denoted by s # . Depending on the nature of the system, the reaction coordinate 
is varied to reach the dissociation limit (in general 2.0-4.0 A), and the 3N — 7 
vibrational frequencies projected out of the gradient direction are calculated for 
each point in reaction coordinate. To obtain more reliable energy along the reac- 
tion path, the B3LYP-computed energy at each point is generally scaled to fit the 
corresponding G2M energy. These G2M-calculated energies at each point along 
the reaction path were used to evaluate the Morse potential-energy function. The 
resulting potential-energy function E(R) is given by 

E(R) = De[l 

where De is the dissociation energy, f is the Morse parameter, and Re is the 
equilibrium value of the reaction coordinate. 

The Morse potential energy, computed moments of inertia, and the vibrational 
frequencies were then used to search for the maximum AG(T,s*), or A G # , at 
temperatures in the range of 300-3000 K. The accurate position of the maximum for 
each temperature was calculated on the basis of the parabolic fit of the three largest 
AG values . 29,32 All the molecular parameters corresponding to the structure with a 
maximum A G* for each temperature were then used in the RRKM calculation for 
the association or the dissociation rate . 29 32 In the RRKM calculation, we assume 
Ar as a third body by using uniform Lennard-Jones parameters: a^-M = 4.24 A 
and Eai-m = 324 K, where M represents the molecular collision partner. 

III. Results and Discussions 

A. Systems Relevant to the Early-Stage Combustion of ADN 

1. Unimolecular Decomposition of HN(N02)2 and Related Bimolecular 
Reactions 

The structure and the energetics of gaseous ADN [NH 4 N(N 02 ) 2 ] were theo- 
retically calculated by Mebel et al., who used different ab initio MO approaches; 
they proposed a realistic decomposition mechanism of ADN based on the 
theoretical results . 33 ADN, similar to other ammonium salts, was concluded to 
be unstable in its ionic form, NH 4 N(N 0 2 ) 2 , in the gas phase. Its sublimation 
should lead to the formation of two molecular complexes, H 3 N • HN(N 02)2 
and H 3 N • HON( 0 )NN 02 , which are more stable than the dissociated states, 
H 3 N + HN(N0 2 ) 2 and H 3 N + H0N(0)NN0 2 , by 12.4 and 14.1 kcal/mol, 
respectively, at the MP4(SDQ)/6-31+G(d,/?)//MP2/6-31G(<f) level. The former 
HN(N 02) 2 (DN) isomer was calculated at the G1 level of theory to have 
38.4-kcal/mol dissociation energy, producing N0 2 4- HNN0 2 , whereas the latter 
H0N(0)NN0 2 (DN') isomer has a dissociation energy of 40.1 kcal/mol, yielding 
N0 2 + HON(0)N. The overall energy difference for the formation of DN and 
DN' from ADN was predicted to be 4.2 kcal/mol. Earlier, Politzer and Seminario 
predicted the N— N bond cleavage in HN(N0 2 ) 2 to be 44.0 kcal/mol at their DF- 
GGA/DZVPP//MP2-6-31G* level of theory . 34 The BAC-MP4 calculations also 
reported a higher value (46.6 kcal/mol) of dissociation energy. We recalculated 
the dissociation energy at the G2M level as 37.9 kcal/mol (Ref. 35), which agrees 
very well with the earlier G1 result of Mebel et al . 33 The G2M results were used 
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1000/T 



Fig. 1 Arrhenius plots for a) DN decomposition and b) its reverse association reaction. 


for the theoretical prediction of the unimolecular decomposition or the reverse 
bimolecular association reaction rate constant of HN(N02)2- The calculated 
cVRRKM rate constants for the decomposition of DN and reverse association of 
HNNO 2 with N0 2 are shown in Fig. 1 . A least-squares analysis of rate constants 
for the decomposition process at the high-pressure limit, 200 atm, 1 atm, and 
1 .32 x 10 -2 atm (10 torr) for He or Ar, respectively, as diluent can be represented 
by the following expressions: 

Jtf° = 1.92 x 10 17 exp(- 1 8,300/ T) s -1 
ki (200 atm) = 6.88 x 10 16 exp(-18,300/r)s“‘ 
k x (1 atm) = 1.90 x 10 41 r~ 8 1 exp(-21,500/r)s“ 1 
k\ (10 torr) = 6.79 x 10 48 7’^ 11 °exp(-21,800/7’)s- 1 
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for the temperature range 300-1000 K. When used in the mechanism contain- 
ing 152 reactions, k\ (10 torr) could satisfactorily model the kinetics of our 
experimental result of the thermal decomposition of ADN by pyrolysis/mass 
spectrometry under the low-pressure conditions. 35 

The bimolecular reactions of HNNO 2 with NO* (x = 1 , 2) and OH are consid- 
ered to be very important for the combustion of ADN under high-pressure con- 
ditions. Theoretical calculations are underway for the HNNO 2 reaction with NO 2 
and OH. The reactions are expected to give HONO + 2NO and HNOH + NO 2 , 
respectively. Recently we have calculated the PES for the HNNO 2 + NO reaction 
at the G2M level of theory and the following low-energy pathways have been 
identified for this reaction: 

(l'a) 

HNONO + NO (l'b) 
► N 2 0 + HONO (l'c) 
(I'd) 

The major product of this reaction, HNNO + NO 2 , can be reached by the 
association of NO to both the N and the O radical sites of HNNO 2 followed 
by decomposition of the vibrationally excited intermediates. A coupled-channel 
RRKM calculation for these reactions leads to the following rate expressions in 
the temperature range of 500-2000 K and two different pressures (1 and 200 atm): 

ky a (1 atm) = 8.67 x 10 34 I“ 6 6 exp(-8400/T) 
kj-, (200 atm) = 6.08 x 10 18 7’ 1 88 exp(-7300/T) 
k rb ( 1 atm) = 9.88 x 10 32 r" 6 08 exp(-7800/T) 
kyb (200 atm) = 3.18 x 10 I5 7’“ 0 96 exp(-6500/T) 
k Vd (1 atm) = 7.95 x 10 4 7’ 1 51 exp(2600/T) 
k\>i (200 atm) = 1.70 x 10 15 r -1 - 24 exp(-3100/T) 

in units of cubic centimeters per (mole times second). The HONO formation 
reaction has a higher barrier and thus cannot compete with the other three channels. 

2. Unimolecular Decomposition ofHNN02 

As HNN0 2 , the key radical species directly formed in the decomposition of DN, 
was found to be responsible for chain initiation in the combustion of ADN, 35-37 
we recently studied the kinetics of the unimolecular decomposition of HNNO 2 
and the bimolecular association of NH + NO 2 in detail by using ab initio MO and 
statistical theory calculations. 38 Earlier, several efforts were made to characterize 
the PES of the NH + NO 2 reaction, emphasizing primarily the isomerization and 
the decomposition of the HNNO 2 radical intermediate. 39-42 On the basis of the 
potential-energy profile and the mechanism for the formation and fragmentation 
of HNNO 2 discussed in our recent paper, 38 the following two low-energy paths 


HNNO 2 + NO -» HN(NO)N0 7 HNNO + N0 2 

HNONO— NO - 
N(NO)NO(OH) 
-> HNN(0)ONO f -+ HNNO + N0 2 
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are expected to be dominant: 

VTS1 

HNNCb NH + N0 2 (2a) 

- 5-4 NN(0)OH — ► N 2 0 + OH (2b) 

The G2M-calculated N-N bond dissociation energy in HNN0 2 (38.1 kcal/mol) 
is quite close to our earlier predicted results at the G1 (39.1 kcal/mol) and G2 
(38.9 kcal/mol) levels of theory. 33 On the other hand, the exothermic N 2 0 + OH 
products (with the exothermicity of 65.9 kcal/mol with respect to NH + N0 2 at the 
G2M level of theory) are more favorably formed in this decomposition by means 
of the 1,3-H shift transition state (TS2), intermediate NN(0)0H, and TS3, with a 
maximum barrier of 3 1 .5 kcal/mol at TS2 (Ref. 38). The G2M-calculated potential- 
energy profile for the NH + N0 2 reaction is presented in Fig 2. Transition state 
theory (TST) calculations for individual decomposition reactions (2a) and (2b) 


a) i E (kcal/mol) 


NH+NO 


HNN0 2 

1 


W W S4 

HN(0)N0 \ HNO+NO 
N 2 0+0H 


E (kcal/mol) 


NUWO, V S 1S-TS15 



HNO+NO 


Fig. 2 Potential-energy profiles for the reaction NH + NO 2 by means of a) HNNO 2 
and b) HNONO based on the G2M calculation. 
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controlled by VTS 1 and TS2, respectively, give their high-pressure rate constants, 
k£ = 1.00 x 10 15 exp(— 1 9,200/ T) s _1 
=7.43 x 10 12 exp(- 16,200/ T)s~ l 
and the corresponding rate constants at the low-pressure limit are 

k ? a = 2.65 x lO^expC- 15,800/ Dcm 3 /(mol • s) 
k ( l b = 1.62 x 10 26 r -3,42 exp(— 8700/7')cm 3 /(mol • s) 

For practical applications under varying temperature and pressure conditions, 
our coupled, dual-channel RRKM calculations for reactions (2a) and (2b), by 
solving the master equation, 43 give rise to the rate constants for the temperature 
range 500-2000 K at two different pressures for the formation of NO 2 and N 2 O, 
respectively: 

fc 2a (200 atm) = 7.29 x lO 44 ^) 9 27 exp(-24,100/D s^ 1 
* 2b (200 atm) = 1.45 x 10 41 (n~ 8 89 exp(-20,500/r)s-' 1 
Jfc2a(l atm) = 6.09 x 10 44 (7’)- 9 - 92 exp(-23,600/7’)s”' 1 
* 2 b(l atm) = 1.36 x 10 54 (7’)“ 13 16 exp(-22,300/r)s"' 

These results are graphically presented in Fig. 3. 

In our RRKM calculations, we have also investigated the effect of tunneling 
for reaction (2b), as shown in Fig. 3b. The tunneling correction enhances the rate 
of N 2 O formation, as expected from the nature of the TS (TS2). Contrary to the 
commonly observed tunneling effect, the noticeable decrease in the rate of N 2 0 
formation in the absence of tunneling at high temperatures and lower pressures 
results from the increasing rate of the backdissociation to the reactants. 

3. Bimolecular Reactions ofNH with NO 2 

The bimolecular reaction of NH with N0 2 is more complex because of the 
possibility of forming concurrently both HNN0 2 and HNONO; the latter has 
three different conformers, as shown in Fig. 2. The dominant reaction paths occur 
without reaction barriers: 

NH + NO z ™ HNNOj HNN0 2 (3a) 

NN(0)OH f N 2 0 + OH (3b) 

NH + N0 2 ™ HN-ONOt -i HNONOt(cc)^ HNO + NO (3'a) 

™ HN-ONO f ™ HNONO 1 (tc)^ HNO + NO (3'b) 

where f stands for internal excitation, cc stands for cis-cis, and tc stands for 
trans-cis. 

Our coupled-channel RRKM calculated rate constants for the formation of 
HNN0 2 from NH -I- N0 2 by collisional deactivation reaction (3a) and for the pro- 
duction of N 2 0 and OH by reaction (3b) at the high-pressure and the low-pressure 
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b) 



Fig. 3 Arrhenius plots for the unimolecular decomposition rate constants of HNN0 2 
to form a) NH + N0 2 and b) N 2 0 + OH at 1- and 200-atm pressures and over the 
temperature range of 500-2000 K. The broken curves represent reaction rate constants 
without tunneling corrections. 

limits in the temperature range 300-3000 K are 

k£ = 1.42 x 10 16 (r)~ 0,75 exp(— 617/ T) cm 3 /(mol • s) 

= 0 (no production of N 2 O) 

= 0 (no stabilization) 

k° b = 2.08 x 10 13 (7T 0 ' 49 exp(360/ T) cm 3 /(mol • s) 

As discussed in detail in our earlier paper, 38 the common initial association 
complex HN— ONO (4.9 kcal/mol more stable than the reactants), formed in the 
bimolecular association of NH and ONO [reaction path (3'a) and (3'b)], plays 
an important role in determining the formation rate constant of HNO + NO. By 
using the approach of Hirschfelder and Wigner 44 and Miller 45 to compute the 
overall probability of the flux’s passing through individual transition barriers in- 
volving multiple reflections in the shallow well of the complex in conjunction with 
the canonical variational TST calculation for the formation of the initial associ- 
ation complex, we obtained an overall pressure-independent (P <200 atm) rate 
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1000/T 

Fig. 4a Arrhenius plots of the bimolecular rate constants for the NH + N0 2 reaction 

at 1-torr pressure: , N 2 0 + OH; , HNO + NO; , total rate constant; and 

•, total rate constant taken from Ref. 46. 


constant of 


Icy = 1.25 x 10 6 (D 196 exp(1180/r)cm 3 /(mol s) 

by means of reaction paths (3'a) and (3'b), leading to the formation of HNO + NO, 
over the temperature range 300-3000 K. 

The total rate constant for the bimolecular reaction of NH with NO 2 reported 
by Harrison et al., 46 k tot — 9.64 ± 0. 14 x 10 12 cm 3 /mol • s, was determined exper- 
imentally at 300 K and 1-torr pressure. Under the same conditions, the total rate 
constant predicted by our cVRRKM calculations is the sum of k 3 a , k^, and ky\ 
km 1 .95 x 10 12 cm 3 /mol • s. The agreement is quite satisfactory. The bimolecu- 
lar rate constants for the N 2 O and HNO forming channels at 1 -torr experimental 
pressure over the temperature range of 300-3000 K are shown in Fig. 4a. 

The branching ratios for the formation of N 2 O and HNO from NH + N0 2 at 
room temperature and 3-torr pressure have been reported recently by Quandt 
and Hershberger 47 : 0.41 ±0.15 for N 2 O and 0.59±0.15 for HNO productions. 
These ratios agree satisfactorily with the predicted values: k ib /(ki + ky) — 0.46 
and ky /(kj + ky) = 0.54, respectively, under the same conditions. Figure 4b shows 
the calculated branching probability of the formation of HNO as a function of tem- 
perature and pressure. The lowering of the branching probability for the formation 
of HNO with pressure, as is evident from Fig. 4b, can be accounted for by the 
increase in the rate constant k-} a with pressure. 

4. NH + NO System 

There are two main exothermic product channels for the NH + NO reaction: 

3 NH + NO ^ HNNO f — ► H + N 2 0 AH 0 — —31.7 kcal/mol (4a) 

[NzOH 1 ] — ► N 2 + OH AH 0 = -97.6 kcal/mol 

(4b) 


HNNO(+M) 
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Fig. 4b Calculated branching ratios for HNO formation, ky/(k 3 + ky ); and •, the 
experimental branching ratio taken from Ref. 47. 


The energetics of the NH + NO system have been investigated in a number of 
studies, 48-52 but the most recent and most detailed description of the PES was 
given by Walch, who used a high-quality multireference configuration interaction 
(MRCI) method. 52 A schematic diagram of the PES is provided in Fig. 5. The 
initial reaction involves the association of HN with NO to form HNNO on the 
barrierless 2 A” surface. The association on the 2 A' surface provides a more stable 
(AH 0 = -51.5kcal/molvs -21.1 kcal/mol) HNNO species but must proceed over 
a 3.2-kcal/mol barrier. The coupling between these two states is expected to be 
strong as they are of same symmetry for out-of-plane motions. It was thus assumed 



Fig. 5 Schematic PES for the HNNO system. 
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Fig. 6a High-pressure limit rate constant for the NH + NO reaction. M.E.: VRRKM 
microscopic rates with analytical solution of master equation, VTST: variational TS 
rate constants. All experimental points and symbols are as described in Fig. 2 of Ref. 54. 


that the initially formed HNNO ( 2 A ") rapidly converts to HNNO ( 2 A') and that the 
progression to products occurs from the 2 A' state. 

Several research groups worldwide have attempted to determine experimentally 
the total reaction rate and the branching ratios for H and OH production. Values 
published to date vary widely. 53 Only very recently have we made an attempt to 
reconcile the data with a high-level statistical theory calculation on the effects of 
temperature and pressure on the total rate constants and branching ratios. 54 The bar- 
rierless NH + NO association process was treated by micro-c VRRKM theory 55 ' 56 
and the competitive decomposition as well as the deactivation process were de- 
termined by solving the master equation analytically, 57 with the incorporation of 
tunneling effect present in both processes (4a) and (4b). Figure 6a shows the high- 
pressure loss rate from NH + NO by this master equation solution as well as the 



Fig. 6b Branching ratios for the two products of the reaction NH + NO — > H + N 2 O 
or OH + Ni. All experimental points and symbols are as described in Fig. 3 of Ref. 54. 





GAS-PHASE CHEMICAL KINETICS 


45 


conventional variational TST (VTST) approach in the temperature range of 300- 
3000 K. The result obtained by solving the master equation could be expressed by 
the following three-parameter expression: 

k 4 = 8.85 x io 9 7 ’° 83 exp(l 100/ T) 

The experimental loss rates are also presented in Fig. 6 a . 53,54 The branching ratio 
obtained by the master equation solution is shown in Fig. 6 b in comparison with 
experimental data . 53,54 

5. NH 2 + NO x (x = 1 and 2) Systems 

The reactions of NH 2 with NO and NO 2 are very critical to the combustion 
of ADN and AN. The reactions are also very important to the EXXON deNOx 
process, in which NH 3 is used as an NO* reducing agent. The key processes 


involved in the deNOx system are 

NH 2 + NO -* HN 2 + OH (5a) 

-> N 2 + H 2 0 (5b) 

NH 2 + N0 2 H 2 NO + NO (5'a) 

N 2 O + H 2 0 (5'b) 


There have been many studies on the rate constants and product branching 
ratios of the two reactions; most of these studies, including our detailed theoretical 
investigations of the processes, have been reviewed by Mebel and Lin . 48 The total 
rate constants of the reactions have been most reliably measured by means of 
pulsed laser photolysis/mass spectrometry carried out in Refs. 58-62; they can be 
represented by the following expressions in units of cubic centimeters per (mole 
times seconds): 

k 5 = 8.3 x 10 13 r-° 57 exp(300/:n 
ky = 8.1 X 10 16 7’~ i ' 44 exp(— 135/T) 

for the temperature range 300-1000 K. The branching rate constants for the two 
key product channels given above, measured by mass spectrometry aided by kinetic 
modeling over the same temperature range, can be given by 

k 5a = 1-4 x 10 7 7’ 1 4 exp(894/T) 
k 5b = 1.2 x io 17 r - 161 exp(— 150/T) 
ky a = 1.5 x 10 16 r- L44 exp(-135/r) 
k 5 , b = 6.6 x 10 lf T- 144 exp(-135/r) 

For reaction (5'), the branching ratio ky b / k 5 > was found to be temperature indepen- 
dent, with a constant value of 0. 19 ± 0.02. For reaction (5), the branching ratio for 
reaction (5b) has been reevaluated with our newly modeled values and the recent 
results of Glarborg et al . 63 and Votsmeier et al . 64 These branching rate constants 
may be used for kinetic modeling of ADN, AN, and AP. 
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6. NH3 + NO x Systems 

The only reaction between NH 3 and NO proceeds by the direct abstraction of 
a hydrogen atom of NH 3 by NO to form the NH 2 radical and HNO; the reaction 
was computed to have a high endothermieity of 57.5 kcal/mol at the G2(PU) level 
of theory, which is close to the experimental value of 58.5 kcal/mol (Ref. 65). A 
small barrier had been predicted for the reverse reaction. 65 The VTST calculated 
rate constants for the forward and the reverse reactions in the temperature range 
300-5000 K are given by 

k 6a = 1.04 x 10 7 r‘^ ■ 73 exp(-28,500/7’)cm 3 /(mol • s) 

k^ 6a = 3.62 x 10 6 7' 1 ' 63 exp(630/7')cm 3 /(mol ■ s) 

The calculated rate constant for the forward reaction is significantly lower than 
the experimental shock tube measurement of Roose et al. because a low transition 
barrier (50.0 kcal/mol) was assumed in the latter. 66 

Three main endothermic product channels have been identified at the Gl(PU) 
level of theory in the NH 3 + NO 2 reaction 65,67 : 

NH 3 + N0 2 —l LMl -> NH 2 + HN0 2 A H° = 35.0 kcal/mol (6'a) 

LM2 -* NH 2 + cis-HONO A H° = 27.3 kcal/mol (6'b) 

-^1 LM3 -»■ NH 2 + tranr-HONO A 77° = 26.4 kcal/mol (6'c) 

All three channels were found to go through weak molecular complexes before 
product formation. 57 The reaction channel leading to the formation of NH 2 + cis- 
HONO is the dominant step. VTST-calculated rate constants gave rise to the fol- 
lowing three-parameter expressions fitted in the temperature range of 300-5000 K 
(Refs. 57 and 59): 

k&b = 7.35T 3 30 exp(— 1 1,200/ 7’)cm 3 /(mol • s) (with UMP2 parameters) 
kfi'b = 1.18 x 10 1 7’ 141 exp(— 11,300/ T) cm 3 / (mol • s) (with B3LYP parameters) 

We have also evaluated the rate constant through the kinetic modeling 67 of 
the photometrically measured N0 2 decay rates available in the literature, 68,69 based 
on the proposed mechanism containing 47 reactions. The following expression was 
obtained in a narrow range of experimental temperatures (600-800 K): 

k 6b = 10 11,39±016 exp[— (12,620 ± 240)/T] cm 3 /(mol • s) 

This modeled rate constant agrees quantitatively with the computed rate constant 
obtained with the G2M PES. 7 

The other two reaction paths by means of TS 1 and TS3 were reported to have 
higher activation barriers at the Gl(PU) level of theory and the recommended rate 
coefficients in the temperature range of 300-5000 K are as follows: 

k 6 - a = 2.45T 341 exp(-15,000/T)cm 3 /(mol • s) 
k 6 ’ C = 1.88 X 10'r 3 52 exp(- 16,400/ r)cm 3 /(mol ■ s) 
where the necessary tunneling correction was included in 
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7. NHj + HNO x (x =2, 3) Reactions 

Two nonionic molecular product channels have been theoretically identified 
with similar barriers (~46.0 kcal/mol) for the NH3 + HNO3 reaction 70 

NH 3 + HNO 3 H 2 NN0 2 -I- H 2 0 A // 0 = -12.0 kcal/mol (7a) 

H 2 NONO + H 2 0 A H° = 7.7 kcal/mol (7b) 

The first channel occurs by means of a four-member-ring TS with an activation 
barrier of 45.7 kcal/mol. The other takes place by means of a five-member-ring TS 
whose barrier is 46.0 kcal/mol. TST calculations with tunneling corrections that 
used the predicted energies and molecular parameters gave rise to the following 
rate constants: 


ku = 0.8 IT 3 ' 47 exp(-21,670 /T) cm 3 /(mol • s) 

k lb = 23. 2T 3 - 50 exp( -22,600/ T) cm 3 /(mol • s) 

for the temperature range 300-3000 K. The tunneling correction for the first re- 
action amounts to 48% at 500 K and 12% at 1000 K; the correction for the latter 
reaction is, however, negligible (< 1 %) because of its low imaginary frequency. 
We recently performed a similar calculation for the analogous reaction 

NH 3 + HONO -> NH 2 NO + H 2 0 (7c) 

at the G2M//B3LYP/6-3 1 1 G(d,p) level of theory . 71 A TST calculation based on 
the computed energetics and the TS structure for the lowest-energy path gives rise to 

k r = 1.15 x 1 0 1 2 exp( — 1 8 , 000/ T) cm 3 / (mol • s) 

for the temperature range 300-3000 K. 

8. HNO Reactions with NO/HNO/NO 2 

HNO undergoes bimolecular and termolecular reactions with NO, depending on 
the concentration of NO and the temperature of the system. Under low-temperature 
and NO-rich conditions, the termolecular process takes place readily with a small 
activation barrier by means of a short-lived intermediate 72 : 

HNO + 2NO -> HN(NO)ONO -► HN 2 0 4- N0 2 ( 8 a) 

A BAC-MP4 calculation for this termolecular reaction showed the presence of 
a relatively high barrier ( E a > 14.0 kcal/mol) for the formation of the endother- 
mic products H + N 2 + NO 3 through a five-centered intermediate , 73 which would 
prevent it from occurring at room temperature, contrary to earlier experimental 
findings. We recommended an approximate Arrhenius equation, 

k 8a = io “- 2±0 3 exp[— (1050 ± 200)/ T] cm 6 /(mol 2 • s) 

in the temperature range of 450-520 K by detailed product measurements made 
with Fourier transform infrared spectroscopy 74 combined with those derived from 
modeling of the data of Cheskis et al . 75 
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Fig. 7 Arrhenius plots of the rate constant for the reaction HNO + NO — + OH + N 2 O. 
The solid and the dotted lines are the results of RRKM calculations with and without 
tunneling corrections, respectively, based on the PES in the G2 level. 76 The dashed line 
is Wilde’s modeled result. 83 All other experimental data are as described in Fig. 4 of 
Ref. 72. 


At higher-temperature conditions (900 K < T < 1500 K), the reaction of HNO 
with NO is dominated by the bimolecular process, which occurs through the rate- 
limiting H migration step: 

HNO + NO ^ HN(NO)0 -> HONNO -*■ HO + N 2 0 (8b) 

The PES of this reaction was reported at the G2 and the QC1SD levels of theory. 76 - 77 
The barriers for H migration were calculated to be 23 and 25 kcal/mol at the G2 
and the QCISD/6-3 1 1 + G(2df,2p)//QCISD/6-3 1 g(d,p) levels of theory, respec- 
tively. They are somewhat lower than the value of 29.0 kcal/mol kinetically mod- 
eled with several sets of experimental data, 78-80 which used a mechanism contain- 
ing 60 elementary reactions with the CHEMKIN program 81 in conjunction with 
sensitivity analyses. 82 Figure 7 summarizes the modeled result. A least-squares 
analysis of these results gives rise to the expression 

i k 8b = io 12 - 84±0 06 exp[— (14,740 ± 180)/ 7] cm 3 /(mol • s) 

which agrees well with the earlier modeled result of Wilde. 83 The difference 
between the calculated and the kinetically modeled activation energies (~3- 
5 kcal/mol) is, however, puzzling at present. We plan to remodel our kinetic data by 
including additional higher barrier reactions such as HNO + NO -> NH + N0 2 , 
whose reverse rate constant has been calculated by us, 38 as mentioned in the pre- 
ceding subsection. 

The bimolecular self-reaction of HNO is very complicated because of the pres- 
ence of numerous geometric isomers of HNO dimers with comparable thermal 
stability. 73 The lowest-energy paths found theoretically led to either the dimeric 
products by collisional stabilization or to the decomposition products, N 2 0 + H 2 0 
and HNOH + NO, depending on the temperature regime. 73 These theoretical re- 
sults led us to conclude that the rate of HNO decay measures at low temperatures 
(T < 420 K) were controlled entirely by the association-stabilization reaction 
producing cis- and trans- (HNO) 2 instead of the formation of the commonly 
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assumed products, N 2 O -1- H 2 0. A least-squares fit to the calculated rate constants 
for the dimerization of HNO, 

HNO + HNO (HNO) 2 (8c) 

computed with BAC-MP4-predicted parameters for 710-torr H 2 or He within the 
80-420 K temperature range gives 

k &c = 10 l6 ' 2 r -2 ' 40 exp(— 590/ T) cm 3 /(mol • s) 

which satisfactorily reconciles the fast rates of HNO decay measured by Callear 
and Carr 84 and the slow rates of N 2 O formation reported by He and Lin. 74 

At higher temperatures, the thermal decomposition channel producing 
N 2 O + H 2 O becomes important. From the modeling of N 2 O formation by the over- 
all mechanistic scheme of H/N/O reactions, 72 an apparent rate constant for this 
reaction, 

HNO + HNO -> N 2 0 + H 2 0 (8d) 

k gd = 10 8 - 93 ±0 - 30 exp[— (1550 ± 150)/ T) cm 3 /(mol • s) 

was obtained for the temperature range of 450-700 K under NO lean conditions 
and recommended for combustion modeling. 

The theoretical calculation of the HNO + N0 2 reaction at the G2M(RCC,MP2) 
level of theory by Mebel et al. 85 showed that the direct H abstraction leading to 
the NO + ds-HONO products should be the most significant reaction mechanism. 
Direct H abstraction giving NO + frans-HONO has a high barrier on the PES, 
and the reaction would rather occur by the addition/l,3-H shift by means of the 
HN(0)N0 2 intermediate or by the secondary isomerization of cw-HONO, giving 
the f raws- isomer. The formation of NO + HN0 2 from HNO + N0 2 can take place 
by direct H transfer with a barrier that is 3 kcal/mol higher than that for the 
NO + cfs-HONO channel. The formation of HN0 2 by oxygen abstraction from 
N0 2 by HNO is predicted to be the least-significant reaction channel. The rate 
constants calculated in the temperature range 300-5000 K for the lowest-energy 
path producing NO + cis-HONO, 

HNO + N0 2 NO + ds-HONO (8e) 

gave rise to 

£ ge = 4.42 x 10 4 7’ 2 64 exp(-2034/7’)cm 3 /(mol • s) 


9. HONO + HONO Reaction 

Four reaction channels with comparable energy barriers were found to be impor- 
tant in our recent theoretical study of the bimolecular decomposition of HONO 86 : 


ds-HONO + trans-HONO 


ds-HONO + ds-HONO 
trans- HONO 4- rrans-HONO 


TSl 

13.7 

h 2 o + no + no 2 

(9a) 

TS4 

» 

17.7 

h 2 o + NO + N0 2 

(9b) 

TS2 

15.1 

H 2 0 + NO + N0 2 

(9c) 

TS3 

> 

15.7 

h 2 o + no + no 2 

(9d) 
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where the numerical values represent the computed reaction barriers at 0 K given 
in units of kilocalories per mole. 

The total rate constant including all four channels, calculated with our ab ini- 
tio MO results, can be represented by the three-parameter expression for the 
300-5000 K temperature range: 

k 9 = 3.49 x 10 - 1 r 3 64 exp(— 6100/T) cm 3 /(mol ■ s) 

which includes the correction of the equilibrium concentration of the m-isomer. 
This recommended rate constant is, however, considerably lower than the available 
experimental results 87-90 but is consistent with the upper limit set at 300 K by 
Kaiser and Wu . 91 The high values of measured rate constants are believed to have 
suffered from deleterious surface effects . 91 

Similar calculations are underway on the reactions of HONO with NO 2 and 
HNO, which are expected to produce HNO 3 + NO and H 2 O + 2NO, respec- 
tively. 

10. H + HONO Reaction 

The ab initio MO calculations made with G2 and BAC-MP4 methods 92 pre- 
dicted three major reaction channels for the H + HONO reaction (for which no 
experimental data are available), leading to the formation of exothermic products 
NO + H 2 0, H 2 + N0 2 , and HNO + OH: 


H + HONO -> H 2 + N0 2 

( 10 a) 

H0N(0)H -> OH + HNO 

( 10 b) 

-> H 2 0 + NO 

( 10 c) 

-► N(OH ) 2 -»• H 2 0 + NO 

( 10 d) 


The reaction occurs predominantly by two indirect metathetical processes un- 
known before this study. One produces OH + HNO [reaction (10b)] and H 2 0-fN0 
[reaction ( 10 c)] from the decomposition of the vibrationally excited hydroxyl 
nitroxide, HON(0)H, formed by H atom addition to the N atom of HONO. 
The other also produces H 2 0 + NO [reaction (10d)] from the decomposition 
of the dihydroxylamino radical, N(OH) 2 , formed by H atom addition to the 
terminal O atom of HONO. These indirect displacement processes are much 
more efficient than the commonly assumed, direct H abstraction reaction that 
produces H 2 + NO 2 . A TST calculation for the direct abstraction reaction and 
RRKM calculations for the two indirect displacement processes gave rise to 
the following recommended rate expressions in units of cubic centimeters per 
(mole times seconds) for the 300-3500 K temperature range under atmospheric 
conditions 92 : 


kioa = 2.01 x 10 8 r L55 exp(— 3300/n 
kiob = 5.64 x 10 10 r°- 86 exp(— 2500/T) 
kioc+iod = 8.13 x 10 6 r 189 exp(-1900/r) 
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11. H + HNOj Reaction 

Three reaction channels have been identified for the bimolecular reaction be- 
tween H and HNO 3 at the G2M(RCC,MP2) level of theory 93 : 

TCt 

H + HN0 3 — ■> H 2 + NO 3 (11a) 

— 4- ON(OH ) 2 — 4- OH + dr-HONO (lib) 

^tH 2 0 + N 0 2 ( 11 c) 

Similar to that of H + HONO, the reaction is dominated by the indirect metathetical 
process, producing OH + ds-HONO by means of TS2, intermediate ON(OH) 2 , 
and TS3. The direct H abstraction reaction by means of TS1 was found to be the 
least important one. A TST calculation for this direct abstraction in the temperature 
range 300-3000 K gave rise to the following expression: 

kiu = 5.56 x 10 8 r I ' 53 exp(-8200/7’)cm 3 /(mol • s) 

Rate constants for both the indirect processes were obtained by solving the master 
equation , 43 which includes RRKM microscopic rate constants and tunneling cor- 
rection. At atmospheric pressure and the same temperature range given above, the 
following rate expressions are recommended for these two indirect metathetical 
reactions: 

*,ib = 3.82 x io 5 r 2 30 exp(-3500/7')cm 3 /(mol • s) 

ifenc = 6.08 x 10 1 r 3 29 exp(— 3200/ T) cm 3 /(mol • s) 

These rate constants agree well with the available experimental data 94 96 at room 
temperature. 


B. Systems Relevant to the Early -Stage Decomposition of RDX/HMX 

1. Unimolecular Decomposition of CH 2 NNO 2 

The thermal decomposition of methylene nitramine (MN), CH 2 NN0 2 , is an im- 
portant mechanistic step in RDX and HMX decomposition reactions. 97-99 Three 
unimolecular decomposition channels of MN were identified as secondary reac- 
tions in the RDX decomposition by Zhao et al., who used the infrared multiphoton 
dissociation technique . 


ch 2 nno 2 ch 2 n + no 2 

(12a) 

HONO + HCN 

(12b) 

ch 2 o + N 2 0 

(12c) 


Reported theoretical studies include ab initio MO calculations 100 101 and unimolec- 
ular decomposition dynamics simulations, 102 103 emphasizing mainly the compet- 
itive fragmentation processes, N— N bond dissociation vs HONO elimination re- 
action. Mowrey et al., 100 form their MCSCF-MO calculation and error estimation 
on such calculations, recommended the activation barrier for the HONO elimi- 
nation path to be 31 ±4 kcal/mol and the N— N bond dissociation energy to be 
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35 ± 4 kcal/mol. Our G2M-caleulated energies (TS for HONO elimination = 32.7 
andN— N bond scission = 35.9 kcal/mol) agree very well with their recommended 
values. The BAC-MP4 values reported by Melius and Binkley gave a reverse 
energetic ordering (TS1 =41.2 and NN scission = 28.6 kcal/mol ). 101 The most 
exothermic products CH 2 O + N 2 O (A H° — —75.3) can be reached by means of 
the formation and the decomposition of a four-member cyclic intermediate, whose 
maximum barrier is 38.1 kcal/mol higher than the reactant at the G2M level. Thus 
both the higher barrier and the much tighter TS structure of this channel make it 
noncompetitive with the other two decomposition channels at low temperatures. 

To our knowledge, no experimental rate constants are available for the ther- 
mal unimolecular decomposition of MN. The classical dynamics simulation by 
Rice et al . 102 showed that the N— N dissociation is the dominant reaction path and 
only at higher energies does the HONO elimination process become competitive. 
They reported an activation energy and an A factor of 31.8 kcal/mol and 
4x 10 13 s'~\ respectively, for the latter reaction in the temperature range of 
300-1500 K based on their conventional TST calculations. Our coupled three- 
channel RRKM calculations, including a tunneling correction for reaction (12b) 
by solving the master equation , 43 gave rise to the following rate expressions in the 
temperature range 500-1500 K and at two different pressures (1 and 200 atm): 

* 12,(1 atm) = 2.35 x 10 56 r- 13 ' 26 exp(-24,550/r)s" 1 

*t 2 a (200 atm) = 7.33 x lO 57 ^ 13 - 01 exp(-26,100/r)s -1 

* 12 b 0 atm) = 2.87 x 10 39 7 _9 37 exp(- 17,800/ Ds^ 1 

*125 (200 atm) = 1.45 x 10 11 exp(- 14,200/ T)s~ l 

*i 2 c(l atm) = 1.38 x 10 4 exp(-12,100/r)s _1 

*i 2 c (200 atm) = 2.88 x 10 9 exp(— 16,400/ T) s~ ! 

These results are graphically presented in Fig. 8 . It is clearly evident from the 
figure that the NN bond dissociation reaction is the dominant channel, and only 



Fig. 8 Arrhenius plots of the rate constant for the unimolecular decomposition of 
CH 2 NN0 2 : , 200-atm pressure and , 1-atm pressure. 
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at low temperature and low pressure does the concerted HONO formation reac- 
tion becomes competitive. At the high-pressure limit, our calculation gives the 
following Arrhenius expressions: 

k 12 a = 2-46 x 10 15 exp(-17,200/7')s- 1 
A: , 2 b = 6.21 x 10 12 exp(— 16,350/ 7) s" 1 
k Uc =4.52 x 10 11 exp(- 19,300/ 7) s -1 

and the corresponding rate expressions at the low-pressure limit are 

km = 1-15 x 10 12 7 exp(— 17,700/ 7) cm 3 /(mol ■ s) 
km = 4.54 x 10 43 r“ 8 ' 36 exp(-14, 7000/7) cm 3 /(mol • s) 
k\ 2 C = 9.48 x 10 72 7~ 19 8 exp(— 28, 520/7) cm 3 /(mol • s) 

For the HONO formation channel, our calculated rate constant is somewhat lower 
than that of Rice et al., as alluded to above. 102 


2. Bimolecular Reaction ofCH 2 N with N0 2 

The following two low-energy paths are identified for the bimolecular reaction 
between CH 2 N and NO 2 by means of CH 2 NNO 2 and CH 2 NONO intermediates: 


ch 2 n + no 2 ^ ch 2 nno^(lmi) ch 2 nno 2 


TS1 


trarw-HONO + HCN 


(13a) 

(13b) 


TQ? TV 3 

LM2 — > CH 2 0 + N 2 0 (13c) 


CH 2 N + ONO ™ LM3 — > CH 2 NONO f CH 2 NONO(tc)(LM4) (13'a) 

TS5 


VTS 


CH 2 NONO(tt)(LM5) (13'b) 
CH 2 NO + NO 


A complete PES for the CH 2 N + NO 2 reaction is presented in Figs. 9a and 9b for 
the nitro and the nitrite channels, respectively, corresponding to the NN association 
and decomposition and the NO association and decomposition reactions. The initial 
NN association does not have an activation barrier and can form the MN molecule 
by collisional stabilization or the exothermic decomposition products HONO and 
CH 2 0 by means of respective TSs. We perform here coupled-channel RRKM 
calculations for these reaction paths in the temperature range of 300-2500 K at 
two different pressure (1 and 200 atm). The results, as shown in Fig. 10, clearly 
indicate that at low temperatures the collisional stabilization to form MN is the most 
dominant path but at higher temperatures (7 > 1200 K) the HONO formation is 
equally probable. The third channel forming CH 2 0 and N 2 0 becomes competitive 
only at very high temperatures (7 > 2000 K). The following rate expressions in 
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b) A 

T E(kcal/mol) 



HCN+tr.HONO 

(■ 55 . 8 ) 

Fig. 9 Potential-energy profiles for the reaction CH 2 N + NOi based on the G2M 
method: a) the formation and decomposition of the nitro (CH 2 NNO 2 ) intermediate 
and b) the formation and decomposition of the nitrite (CH 2 NONO) intermediate. 

units of cubic centimeters per mole times second are recommended for the kinetic 
modeling of this reaction: 

*13,(1 atm) = 5.43 x 10 39 7’“ 909 exp(-3100/7’) 

*i 3 a (200 atm) = 1.04 x 10 33 7 ,_6 - 49 exp(-2800/7’) 

* 13b (l atm) = 5.16 x 10 5 r 154 exp(630/r) 

*i 3b (200 atm) = 3.62 x 10 6 r‘ 39 exp(-1050/r) 

*i 3 c(l atm) = 3.78 x 10*7 ,1 - S7 exp(-1100/7’) 

*, 3c (200 atm) = 1.52 x lOV 66 exp(-3700/T) 
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Fig. 10 Arrhenius plots of the rate constants for the bimoiecular reaction between 
CH 2 N and N0 2 : , 200-atm pressure and , 1-atm pressure. 


The ONO association reaction is more complex because of the presence of a 
very loose association complex, CH 2 N • • • ONO (LM3), and two different nitrite 
isomers [trans-cis (tc) and trans-trans (tt)] with comparable energy, as shown in 
Fig. 9b. At the G2M level the tt isomer is 0.9 kcal/mol more stable. The initial 
association to LM3 leads to the formation of the tc isomer by means of TS4, which is 
3.6 kcal/mol lower than the reactants. The tc isomer can then isomerize to the more 
stable tt structure by means of TS5. The direct association to the tt isomer always 
leads to the formation of the more stable CH 2 NN 02 (MN) along the reaction path. 
The dissociated CH 2 NO -f NO products are more preferably formed by splitting 
the ON bond of the tt isomer than that of the tc isomer. A cVRRKM calculation 
coupled with multiple-reflection probability (as used in Ref. 38) in the shallow well 
of LM3 was performed to calculate the bimoiecular rate constants for this reaction 
under the same temperature and pressure conditions as those used for reactions 
(13a-13c). We did not find any appreciable reduction in the rate constant by the 
multiple reflections. This may be attributed to the relatively low energy of TS4 
(-3.6 kcal/mol) compared with its analog in the NH + NO 2 reaction, as shown in 
Fig. 2. The collisional stabilization to form the CH 2 NONO isomers are negligible 
compared with their dissociation to CH 2 NO + NO, except at very high pressures. 
The calculated rate constants under the same temperature and pressure conditions 
(300-2500 K at 1 and 200 atm) for the bimoiecular formation of CH 2 NO + NO 
are shown in Fig. 10 along with the other reaction path rate constants; they can be 
expressed with the following three-parameter rate expressions: 

k iyb (1 atm) = 3.97 x lO'T 2 65 exp(2600 /T) cm 3 /(mol • s) 
k iyb (200 atm) = 3.74 x 10 3 T 2 12 exp(1600/D cm 3 /(mol • s) 

At temperatures below 2000 K, the bimoiecular reaction of CH 2 N with N0 2 
is clearly dominated by the recombination process, producing CH 2 NNO 2 at 
P > 1 atm. This result suggests that the destruction of CH 2 NN0 2 by H and 
OH is critical under high-pressure combustion conditions and should be studied 
theoretically. 
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Fig. 11 Potential-energy profile for the reaction CH 2 N + N 2 O based on the G2M 
method. See Ref. 104 for the structures of intermediates and TSs. 

3. CH 2 N + N 2 O Reaction 

Three different product channels have been identified for the bimolecular re- 
action between CH 2 N and N 2 O, producing CH 2 NO + N 2 , CH 2 N 2 + NO, and 
CH 2 O + N 3 (Ref. 104). The G2M PES of the system is shown in Fig. 11. The 
direct abstraction reaction, 

CH 2 N + N 2 0 -+ CH 2 NO + N 2 (14a) 

which occurs by means of transition state TS1 yielding most exothermic products 
CH 2 NO and N 2 , has an activation barrier of 42.4 kcal/mol at the G2M level. This is 
identified as a minor channel in this reaction, contrary to the previous assumption of 
its importance in the kinetic modeling of RDX combustion . 2-4 A TST calculation 
for which the predicted energies and molecular parameters were used gave rise 
to rate constant ^(CKhNO) = ku a = 1.71 x 10 13 exp(— 24,900/ T) cm 3 /(mol • s) in 
the temperature range of 1000-3000 K. 

The other two product channels are endothermic; they can be reached in only 
a stepwise manner by means of the formation and decomposition of different 
intermediates. As is evident from Fig. 11, the CH 2 N 2 + NO products can be 
reached by three different reaction paths: 

TS2 TS3 

CH 2 N + N 2 0 ^ LM1 ;=* CH 2 N 2 + NO (14b) 

CH 2 NN 2 0(U) 

TS4 TSS 

CH 2 N + N 2 0 ^ LM2 ^ LM 1 CH 2 N 2 + NO (14c) 

CH 2 NN 2 0(tc) 

CH 2 N + N 2 0 ^ LM3 351 CH 2 N 2 + NO (14d) 

-CHiNNNO- 

We used our coupled-channel RRKM programs to calculate the individual 
and the overall rates of formation of the products in the temperature range of 
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1000-3000 K; the results can be expressed as 

= 5.37 x 10 12 exp(— 2 1, 900/ 7 1 ) cm 3 /(mol • s) 

k\ 4 c = 1-22 x 10 u exp(-25,100/7’)cm 3 /(mol • s) 

^i4d = 2.40 x 10 10 exp(— 24, 900/7’) cm 3 /(mol • s) 

fc(CH 2 N 2 ) — k i4b + k{4c + k i4d 

= 5.98 x 10 12 exp(— 22,000/7’) cm 3 /(mol • s) 

It is evident from these calculated rate constants that the formation of CH2N2 -f NO 
is dominated by reaction channel (14b), and only at very high temperatures would 
other channels become accessible. The results of the calculation indicate that the 
predicted rate constants are pressure independent in the range of 10 torr-200 atm. 
For coupled channels (14b) and (14c), for example, the rates of deactivation of 
the activated intermediates to potential wells LM1 and LM2 are significantly less 
important compared with their rates of disproportionation through the individual 
product channels. 

The reaction channel leading to the formation of CH 2 0 and N 3 , 

CH 2 N + N 2 0 ™ LM3 LM4 CH 2 0 + N 3 (14e) 

OH,C-N, 

is connected with channel (14d), as already mentioned. Our coupled dual-channel 
RRKM calculation (incorporating the loss of LM3 by TS7) yielded the bimolecular 
formation rate constant in the same temperature and pressure ranges: 

£(CH 2 0) = k i4e = 2.76 x 10 u exp(— 21,800/ T) cm 3 /(mol • s) 

These results are presented in Fig. 1 2. At higher temperatures, the rates of formation 
of CH 2 NO and CH 2 N 2 become comparable, although at lower temperatures the 
formation rate of CH 2 NO is much less because of the presence of a higher activation 
barrier for this process. As is also evident from the figure, the rate of formation of 
CH 2 0 + N3 is less important compared with that of the other individual channels. 



Fig. 12 Arrhenius plots of the bimolecular rate constants for the formation of 
CH 2 NO + N 2 , CH 2 N 2 + NO, and CH 2 0 + N 3 from CH 2 N + N 2 0. 
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Fig. 13 Potential-energy profile for the reaction CH 2 N + NO based on the G2M 
method. 

4. CHiN + NO Reaction 

The PES of the bimolecular reaction of CH 2 N and NO is obtained at the same 
G2M(RCC,MP2) level of theory and is presented in Fig. 13. Three different prod- 
uct channels have been identified for this reaction. The formation of the most 
endothermic products, CH 2 + N 2 O, requires a very high activation barrier and 
ma y not be reached even at higher temperatures, but two exothermic products, 
HCN + HNO and CH 2 0 + N 2 , could be formed by the following three possible 
reaction paths: 

CH 2 N + NO 3 HCN + HNO (15a) 

CH 2 NNO t CH 2 NNO (15b) 

^■HCN + HNO (15c) 

^■LMl ^>CH 2 0 + N 2 (15d) 

Direct abstraction reaction (15a), which leads to HCN + HNO, has a barrier of 
9.4 kcal/mol at the G2M level and a TST calculation with tunneling corrections 
for this channel in the temperature range of 300-3000 K, giving rise to 

k l5t = 7.287’ 213 exp(— 3700/T) cm 3 /(mol • s) 

Because both the reaction channels that occur by means of TS2 and TS3 have 
activation barriers above the reactants, the collisional stabilization of the vibra- 
tionally excited CH 2 NNO intermediate will be the dominant reaction channel and 
only at very high temperatures will the other two channels become competitive, 
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Fig. 14 Arrhenius plots of the rate constants for the formation of different products 

from the bimolecuiar reaction between CH 2 N and NO: , 200-atm pressure and 

, 1-atm pressure. 


as shown in Fig. 14. A coupled-channel RRKM calculation has been used to 
calculate the respective rate constants in the temperature range of 300-3000 K 
at two different pressures (1 atm and 200 atm); these rate constants could be 
expressed in units of cubic centimeters per (mole times seconds) as follows: 

*i 5 b(l atm) = 1.24 x io 38 r~ 8 ' 86 exp(-2700/F) 

&i 5 b (200 atm) = 1.07 x 10 38 r~ 8 12 exp(-3300/T) 

jfc, 5c (l atm) = 3.99 x 10 2 r 266 exp(-3400/D 

k l5c (200 atm) = 4.02 x 10 2 J 266 exp(-3450/7’) 

*i 5d (1 atm) = 4.68 x 10 3 r L8 °exp(-2200/r) 

* 15d (200 atm) = 6.02 x 10 3 7’ 184 exp(-3400/r) 


5. CH 2 N + OH Reaction 

The following two major reaction paths have been identified in the bimolecuiar 
reaction of CH 2 N and OH at the G2M level of theory: 

CH 2 N + OH ™ CH 2 NOH f trans-C H 2 NOH (16a) 

HCN + H 2 0 (16b) 

cw-HONO CH 3 NO 

^ScHj+NO (16c) 

The G2M-calculated PES for this reaction is presented in Fig. 15. The thermal 
decomposition and isomerization of formaldoxime, CH 2 NOH, has been studied 
with a reflected-shock-wave experiment and ab initio MO calculations by Saito 
et al. 105 They found that the main thermal decomposition reaction proceeded 
by means of CH 2 NOH — > HCN + H 2 0 and that the alternative isomerization 
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Fig. 15 Potential-energy profile for the reaction CH 2 N + OH based on the G2M 
method. 


reaction CH 2 NOH -» CH 3 NO was negligible. Their ab initio MO calculations 
at the MP2/3-21G level reported a barrier of 50.6 kcal/mol for HCN formation 
and 72.9 kcal/mol for the isomerization step from the most stable trans-isomer of 
formaldoxime. The G2M-calculated barrier for the former is 56.7 kcal/mol and 
for the latter is 7 1 . 1 kcal/mol. Over the narrow temperature range of 1 050-1 300 K 
their shock- wave experiment gave rise to the decomposition rate constant that 
leads to the formation of HCN (monitored with vacuum UV absorption of the 
reactant and IR emission from HCN): £hcn = 10 12 - 65 exp(— 24,200/ T) s -1 . 
They also concluded that there is a very slight pressure dependence over their 
experimental region. 

We performed here a coupled-channel RRKM calculation for the unimolecular 
decomposition of CH 2 NOH as well as the bimolecular reaction of CH 2 N + OH. 
We also observed that the isomerization reaction cannot compete with the de- 
composition reaction that leads to the formation of HCN + H 2 0, but the reverse 
decomposition of the frarw-formaldoxime to CH 2 N + OH has a comparable rate 
in the experimental temperature regime. The calculated forward and reverse de- 
composition rate constants (in units of inverse seconds) that produce HCN + H 2 0 
and CH 2 N + OH from CH 2 NOH in the temperature range of 500-2000 K at two 
different pressures, 1 and 200 atm, could be expressed as follows: 

k f (\ atm) = 3.01 x 10 11 exp(-25,000/T) 

k f (200 atm) = 3.97 x 10 12 exp(-26,100/r) 

k r (1 atm) = 6.44 x 10 11 exp(-27,600/T) 

k r (200 atm) = 3.58 x 10 l4 exp(-30,300/T) 

A tunneling correction has been included in the forward decomposition reaction. 
Our calculation shows a significant pressure effect at higher temperatures, in con- 
trast to the earlier observation . 105 The calculated forward decomposition rate is 
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Fig. 16 Arrhenius plots of the rate constants for the formation of different products 

from the bimoiecuiar reaction between CH 2 N and OH: , 200-atm pressure and 

, 1-atm pressure. 


somewhat lower than the experimental and theoretical results of Saito et al. 105 
in their experimental temperature range. The higher value of HCN formation 
data obtained experimentally may result from the secondary contribution from 
CH 2 N decomposition, which was not included in the kinetic analysis by Saito 
et al. 105 

The bimoiecuiar reaction rate is dominated mainly by the collisional stabilization 
to form CH 2 NOH, and only at very high temperatures (T > 2500 K) does the 
formation of HCN + H 2 O become competitive, as shown in Fig. 16. The following 
three-parameter expressions for the respective reactions in the temperature range 
of 300-3000 K at two different pressures, 1 and 200 atm, are recommended for 
kinetic modeling; 

*16.(1 atm) = 6.93 x io 30 ^ 5 96 exp(-2700/T) 

*i6a (200 atm) = 2.36 x io 22 r ~ 2 - 91 exp(-2100 /T) 

*i 6b (l atm) = 1.98 x 10 !1 exp(-890/D 
*i6 b (200 atm) = 1.67 x 10 6 r 183 exp(-1500/T) 

* 16c (l atm) = 1.70 x 10 2 T 2A exp(-3100/T) 

* 16c (200 atm) = 1.76 x 10 3 T 22 exp(-4300/T) 
in units of cubic centimeters per mole times seconds. 

6. Unimolecular Decomposition ofCH 2 NO 

The unimolecular decomposition of CH 2 NO has been studied at the G2M level 
of theory, and the PES is shown in Fig. 17. Two major reaction paths have been 
identified for this decomposition reaction: 

T<2 1 TQ9 

CH 2 NO HCN(OH) HCN + OH (17a) 

HCNO + H (17b) 
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Fig. 17 Potential-energy profile for the unimolecular decomposition of CH 2 NO based 
on the G2M method. 


The decomposition of CH 2 NO to 3 CH 2 + NO is less important compared with 
these two reaction paths because of the larger endothermicity, as shown in Fig. 17. 
The reverse association (CH 2 + NO) reaction is, however, important and well stud- 
ied experimentally; it is not included in this review because of its irrelevance to the 
RDX/HMX decomposition reactions. The barrier of TS3 (52.5 keal/mol) is less 
than that of TS 1 (60.5 keal/mol), which makes H + HCNO the major product chan- 
nel of this decomposition reaction. The production of HCN + OH occurs through 
the formation and the decomposition of another intermediate, HCN(OH), which is 
22.9 keal/mol above CH 2 NO. The predicted decomposition rate constants (in in- 
verse seconds) for these two channels (Fig. 18) in the temperature range of 500- 
2000 K at two different pressures, 1 and 200 atm, could be expressed by the 



Fig. 18 Arrhenius plots of the rate constants for the unimolecular decomposition 

of CH 2 NO producing different products: , 200-atm pressure and , 1-atm 

pressure. 
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following Arrhenius expressions: 

&i 7 a (1 atm) = 1.21 x 10 7 exp(-22,450/r) 

fci 7a (200 atm) = 1.77 x 10 10 exp(-25,600/r) 

fci 7 b (1 atm) = 1.39 x 10 11 exp(— 23,000/T) 

&nb (200 atm) = 3.53 x 10 13 exp(— 25,100/T) 

The corresponding rate constants at the high- and the low-pressure limits can be 
expressed by the following Arrhenius expressions: 

= 2.08 x 10 13 exp(— 29,450/r) s -1 

k™ b = 3.13 x 10 15 exp(— 27,700/T) s _1 

k° m = 2.0 x 10 13 T exp(- 19,650/ r)cm 3 /(mol • s) 

k° l7b = 8.49 x 10 1 °7’exp(-22,700/7’)cm 3 /(mol • s) 


7. Unimolecular Decomposition of CH 2 N 

The isomerization and the decomposition of CH 2 N and its related bimolecular 
processes in its doublet and quartet PESs, have been studied in detail recently by 
Sumathi and Nguyen. 106 They reported a dissociation energy of 23.3 kcal/mol for 
the decomposition channel, 

CH 2 N-^-HCN + H (18) 

at their best CCSD(T)/6-31 1++G(3df, 3dp )//CCSD(7’)/6-3 1 1 ++G(d, p) level 
of theory. Their calculated decomposition transition state has a barrier of 32.0 
kcal/mol with respect to CH 2 N at the same level of theory. In both the cases, their 
calculation indicates an overestimation made by the earlier ab initio calculations of 
Bair and Dunning on the rate of CH 2 N decomposition. 107 Furthermore, because of 
the existence of scattered experimental results for the heat of formation of CH 2 N, 
from their calculated energetics, they recommended a value of 56-57 kcal/mol at 
298 K (or 57-58 kcal/mol at 0 K) for the heat of formation of CH 2 N. Our calculated 
dissociation energy, 23.9 kcal/mol, and the decomposition transition barrier, 30.5 
kcal/mol, at the G2M(RCC,MP2) level of theory agree quite well with their calcu- 
lated values and thus the heat of formation of CH 2 N. The structure of the TS at the 
B3LYP/6-311g(i,p) level is loose (with the dissociating HC bond, 1.91 A) com- 
pared with their UMP2 (1.638-A) and CCSD(7’)(1.794-A) calculated structures. 
The isomerization of CH 2 N to HCNH has a higher barrier of 45. 1 kcal/mol, as they 
reported, and thus cannot compete with the decomposition reaction. Because our 
aim is to obtain the rate constant for the unimolecular reaction of CH 2 N radical, 
we performed an RRKM calculation for the dominant decomposition channel with 
tunneling corrections by using our calculated molecular parameters and energies; 
the resulting Arrhenius expressions, 

itisd atm) = 5.54 x 10 9 exp(- 12,800/ T) s" 1 
ki S (200 atm) = 1.47 x 10 12 exp(- 14,000/ T) s _1 
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are obtained in the temperature range of 500-2000 K. At the high- and the low- 
pressure limits these rate constants can be expressed as 

itJS = 1.32 x 10 14 exp(- 16,200/ 7") s -1 
k° n = 3.75 x 10 11 7’ exp(— 10,800/ T)cm 3 /( mol ■ s) 


IV. Conclusions 

In this chapter we have summarized the results of our recent theoretical studies 
on the reactions of some [C, H, N, 0]-containing systems relevant to the combus- 
tion of nitramines, specifically ADN and RDX/HMX, in their early stages. In all 
these reactions, detailed information on the kinetics and mechanisms for barrier- 
less radical-radical association processes as well as the subsequent isomerization 
and decomposition of excited association products are presented. Most of our the- 
oretical results related to RDX/HMX systems are based on the recently calculated 
G2M (modified Gaussian-2) potential-energy profiles of these reactions. For reac- 
tions related to ADN combustion, a comprehensive description of the theoretical 
results obtained at our laboratory in the recent past with reference to other ex- 
isting theoretical and experimental data has been made. Many of these processes 
have been mechanistically elucidated by us for the first time in this and earlier 
studies. 

For many exothermic radical-radical reactions that cannot be readily measured 
experimentally, a key challenge is to predict quantitatively the absolute rate con- 
stants for the initial association reactions as well as for the formation of various 
products as a function of temperature and pressure. In this initial effort, we have 
attempted to address the problem quantitatively for several important reactions 
(such as NH + NO*, CH 2 N + NO*, etc.) by using a canonical variational RRKM 
approach in conjunction with the G2M potential-energy profiles and the molecu- 
lar parameters predicted by the hybrid density functional method. In this regard, 
further improvement may be achieved by performing a more rigorous and compu- 
tationally more expensive treatment of microcanonical variational RRKM theory 
for the initial association processes as well as by introducing a more detailed treat- 
ment for isomerization/decomposition and energy transfer processes by solving 
the coupled master equations. 

Most of the rate constants summarized here that are related to the RDX/HMX 
systems are computed for the first time. The accuracy of these values is difficult to 
assess because of the lack of experimental data. However, our successful prediction 
of the overall rate constants and product branching ratios in several analogous sys- 
tems allows us to recommend with some confidence these calculated rate constants 
for the kinetic modeling of RDX/HMX combustion in their early stages. 
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Chapter 1.3 


Reactivity of Azide Polymer Propellants 

Yoshio Oyumi* 

Japan Defence Agency, Tokyo, Japan 


I. Introduction 

T HE synthesis processes 1-10 and the properties 11-15 of azide polymers have re- 
cently been investigated to improve the performance of advanced solid rocket 
propellant. Although 3,3-bis(azidomethyl)oxetane (BAMO) is one of the most en- 
ergetic polymers, polyBAMO shows relatively poor mechanical properties as a 
binder of solid rocket propellants because of its crystalline chain. So copolymer- 
ization with tetrahydrofuran (THF), 3-azidomethyl-3-methyloxetane (AMMO), or 
3-nitratomethyl-3-methyloxetane (NMMO) has been studied to improve the me- 
chanical properties at low temperatures and the burning-rate characteristics. The 
effect of the soft segment in the initiator system was studied in BAMO/NMMO 
copolymer (B/N), glycidyl azide polymer (GAP), and GAP/THF copolymer (G/T). 
The microstructure of B/N, thermal decomposition of copolymers, mechanical 
properties, and buming-rate characteristics are reported here. 

II. Experiments 

A. Structural Analysis 

The 'H-NMR and 13 C-NMR spectra were obtained at 400 MHz using a JEOL 
JNM-GX400 spectrometer equipped with a Fourier transfer accessory. All spectra 
were collected at room temperature in a solution of CDCI 3 with an internal standard 
of tetramethyl silane. 


B. Thermal Analysis 

Thermogravimetric analysis (TGA) data were obtained using a Seiko SSC5200 
TG/DTA220 with a helium flow rate of 1 50 ml/min. For isothermal runs the samples 
were heated to the experimental temperatures with a heating rate of 80 K/min and 
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then were kept at constant temperature for 30-240 min. The isothermal condition 
was obtained within 3 min after the heating was started. Each sample (1 mg) was 
unconfined in a small aluminum cell. Differential scanning calorimetric analysis 
(DSC) was made on a Seiko SSC5200 DSC 120 with a 10 K/min heating rate. Each 
sample (0.5 mg) was confined in a small aluminum cell. 


C. Burning-Rate and Temperature-Profile Measurements 

The burning rates of the propellants were measured with a chimney-type strand 
burner pressurized with nitrogen. The size of the propellant strand was 7x7 mm 
in cross section and 70 mm in length. Three fuse wires were passed through the 
propellant strand in 15-mm intervals. The ignition of the strand was conducted by 
an electrically heated nichrome wire attached on the top of the propellant strand. 
To determine the process of heat feedback from the gas phase to the burning 
surface of the propellants, the temperature profile in a combustion wave was mea- 
sured at 2 MPa with microthermocouples made of Pt-Ptl0%Rh wires 5 /im in 
diameter. 


III. Results and Discussion 
A. Microstructure of BAMO/NMMO Copolymer 

One of the most promising polymers in this context is polyBAMO containing 
50 wt% of nitrogen. BAMO is known to polymerize cationically, and its polymer- 
ization has already been studied. 3 PolyBAMO was also thoroughly investigated 
for its crystallization behavior and the different ways to prevent it. 16 Copolymer- 
ization of BAMO with substituted oxetanes containing azide groups is the most 
effective way to obtain a reduction of the crystallization tendency and the glass 
transition temperature of polyBAMO at the same time without decreasing the 
azide content of the copolymer. 6 However, it is quite reasonable to expect that the 
polymer properties are affected not only by the composition of copolymer struc- 
tures but also by their distribution and the arrangement of the BAMO units and 
NMMO units. Analysis of the bulk polymer microstructure by NMR methods is 
unsurpassed in its information content. Sequence distribution information can be 
studied in polyoxetane systems. 

The 'H-NMR spectrum of BAMO exhibited two peaks corresponding to the 
methylene proton belonging to the azidomethyl group (5 =3.7) and to the oxe- 
tane ring (5 = 4.4) (Ref. 13). In the NMMO spectrum characteristic signals were 
observed at S — 1.4 (3H, singlet), 4.4 (4H, doublet), and 4.6 (2H, singlet). 13 The 
spectrum of B/N(7/3), with molar ratio of monomer feed depicted in parenthe- 
sis, exhibited various peaks corresponding to the monomer unit, namely, 5 = 1.0 
(-C— C— CH 3 ), 3.3 (-C-CH 2 N 3 , side group), 3.5 (-0-CH 2 -C-, main chain), 
3.7 (-C-CH 2 -OH, terminal hydroxyl group), and 4.4 (-C-CH 2 -0N02, ni- 
tratomethyl group). 13 According to the proton signal intensities, the molar ratio 
observed in the NMR spectrum of B/N(7/3) was 68/32 (Ref. 1 3). The experimental 
molar ratios of B/N(8/2) and B/N(6/4) were 81/19 and 60/40, respectively. These 
results support the assumption that the copolymerization behaved like an ideal sys- 
tem, in the sense that the copolymer had approximately the same composition as 
the monomer feed. Although it was reported that the reactivity of NMMO is higher 
than that of BAMO, 2,8 there was no difference in the reactivity of the monomers 
in the copolymerization. 
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Table 1 Relative compositions of triad microstructures 
for the BAMO units and the NMMO units (signals used 
for analysis were at 6 = 70.2 for BAMO and 
at 17.3 for NMMO) 13 


Copolymer 

Triad 

Measured, % 

Theoretical, % 

B/N(8/2) 

BBB 2 

61 

64 


BBN b 

36 

32 


NBN C 

3 

4 

B/N(7/3) 

BBB 

48 

49 


BBN 

45 

42 


NBN 

7 

9 

B/N(6/4) 

BBB 

34 

36 


BBN 

51 

48 


NBN 

15 

16 

B/N(8/2) 

BNB d 

65 

64 


NNB e 

32 

32 


NNN f 

3 

4 

B/N(7/3) 

BNB 

56 

49 


NNB 

39 

42 


NNN 

6 

9 

B/N(6/4) 

BNB 

42 

36 


NNB 

47 

48 


NNN 

11 

16 


a BBB: triad microstructure of BAMO-BAMO-BAMO. 
b BBN: triad microstructure of BAMO-BAMO-NMMO. 

C NBN: triad microstructure of NMMO-BAMO-NMMO. 
d BNB: triad microstructure of BAMO-NMMO-BAMO. 
e NNB: triad microstructure of NMMO-NMMO-BAMO. 
f NNN: triad microstructure of NMMO-NMMO-NMMO. 

Triad distribution information is available in the 13 C-NMR spectra. 13 The re- 
active composition of the microstructures of copolymers were analyzed using the 
13 C-NMR signal at 8 = 70.2 for the BAMO units and at 17.3 for the NMMO units. 
The triad microstructures were well separated to measure the intensities in these 
peaks. 13 The relative compositions of the BAMO triads and the NMMO triads 
for three copolymers are indicated in Table l.' 3 Experimental triad distributions 
are compared to those calculated for perfectly random polymers. The reactivity of 
NMMO is not equal to that of BAMO, but we assumed them to be equal in order to 
calculate the theoretical relative compositions. The relative compositions of triad 
microstructures for the copolymers are listed in Table 2. 13 The arrangement of the 
monomer units in the copolymer chain was found to be almost the ideal system. 
All copolymers used here were random polymers. To improve the mechanical 
properties at low temperatures, a soft segment was applied in an initiator system 
of the BAMO or GAP copolymers. Even with a different initiator system, random 
structures were observed. 17 Any block polymers were not used in this study, but 
have been applied to thermoplastic explosives. 4 5,710 


B. Thermal Decomposition 

Thermal decomposition studies on the azide polymers have been reported. 18,19 
Farber et al. 18 determined the kinetics of decomposition of the azide group by 
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Table 2 Relative compositions of triad 
microstructures for the copolymers 
(Theoretical values are in parenthesis.) 13 


Triad 

B/N(8/2) 

B/N(7/3) 

B/N(6/4) 

BBB 

48.8(51.2) 

33.6 (34.3) 

20.4 (21.6) 

BBN 

28.8 (25.6) 

31.5 (29.4) 

30.6 (28.8) 

NBN 

2.4 (3.2) 

4.9 (6.3) 

9.0 (9.6) 

BNB 

13.0(12.8) 

16.8(14.7) 

16.8 (14.4) 

NNB 

6.4 (6.4) 

11.7(12.6) 

18.8(19.2) 

NNN 

0.6 (0.8) 

1.8 (2.7) 

4.4 (6.4) 


monitoring the N 2 evolution from 5-50 mg of sample slowly heated in a vacuum 
effusion cell connected to a quadruple mass spectrometer. Rapid-scanning Fourier 
transform infrared spectroscopy (10 scans/s) was used to characterize the slow 
(5 K/min) and rapid (50-255 K/s) thermolysis of azide polymers at the applied 
pressure (1-1000 psi Ar) (Ref. 19). However, unlike C-nitro and N-nitro com- 
pounds, pressure and heating rate were found to exert relatively little influence on 
the product concentration of azide decomposition. The azide group decomposes 
before the polymer backbone does . 19 However, polyBAMO was found to undergo 
simultaneous decomposition of its backbone structure, as indicated by the release 
of high concentrations of CH 2 O, H 2 O, and CO, and of side chains, by the large 
amounts of N 2 , HCN, and some larger molecules . 20 In the flash pyrolysis of GAP 
mono-ol, GAP di-ol, GAP tri-ol, and GAP poly-ol, the volatile products identified 
from the condensed phase were CH 4 , HCN, CO, C 2 H 4 , NH 3 , CH 2 O, CH 2 CO, 
H 2 0, and GAP oligomers . 21 The NH 3 content increased with the —OH content, 
which suggested that NH 3 is primarily formed by the reaction of the end-chain 
azide groups . 21 The initial step in the azide polymers is decomposition of the azide 
group producing N 2 , and the initial decomposition process has been reported as 
first-order kinetics . 12 ' 1819 However, for GAP tri-ol it was found using both variable 
heating rate and isothermal techniques that the decomposition kinetics was not a 
first-order process . 22 Though the azide polymers contain relatively small amounts 
of oxygen, the heat release is considered to be because of the scission of the — N 3 
bond structure to form N 2 . Thermal decomposition of the polymer binder plays an 
important role in the combustion of solid propellants. 


C. BAMO Copolymers 

Effects of the soft segment on the decomposition kinetics of BAMO copolymers 
were studied by using THF, AMMO, and NMMO, which were selected as an inert 
unit, azide unit, and nitrate ester unit, respectively . 23 Three different molar ratios, 
5/5, 6/4, and 7/3, were also studied in BAMO/THF copolymers (B/T ). 12,13 Azide 
group terminated GAP (GAPN 3 ) was compared with GAP . 12 

The kinetic parameters for thermal decomposition are listed in Table 3 . 12,13 The 
Arrhenius plots of the polymers are shown in Fig. 1 . PolyBAMO and B/A(7/3) 
show exactly the same rates of decomposition. This shows that the reactivity of 
the BAMO unit was equal to that of the AMMO unit. B/T(7/3) showed a relatively 
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Table 3 Kinetic parameters for thermal 
decomposition of azidopolymers 12,23 

Azidopolymer Kinetic parameters 

polyBAMO tnk = 39.9 — 1 50700/RT (435-5 1 3 K) 

B/A(7/3) Ink = 40.9 - 1 54 1 00/RT (425-5 1 6 K) 

B/T(7/3) ink =42.2 - 161000/RT (435-513 K) 

B/T(6/4) l nk = 40.7 - 156200/RT (456-511 K) 

B/T(5/5) Ink = 36.9 - 141300/RT (458-510 K) 

GAP Ink = 36.2- 1 35700/RT (447-506 K) 

GAPN 3 ink = 37. 1 - 1 36700/RT (433^190 K) 

B/N(7/3) Lk, = 38.5 - 139700/RT (424-514 K) 

tn,k 2 = 35.2 - 130700/RT (424-514 K) 
polyNMMO Ink = 42. 1 - 149100/RT (425-503 K) 


The dimension of activation energy E a is in J/mol and the tem- 
perature ranges of isothermal decomposition are shown in paren- 
theses. 

slower rate of decomposition than polyBAMO. This indicates that the THF unit 
acted as a relatively inert and stable material in the polymer chain. GAP had the 
same rate of decomposition as polyBAMO with a relatively lower E a . Because 
the thermal decomposition of the polymers is initiated by the decomposition of 
the azide group producing N 2 , almost exactly the same rate of decomposition was 
observed, as shown in Fig. 1 . 

The Arrhenius plots of B/T(5/5), B/T(6/4), and B/T(7/3) are shown in Fig. 2. 
The rate of decomposition of B/T(6/4) is almost the same as that of B/T(5/5) 



1000/T [K' 1 ] 

Fig. 1 Arrhenius plots of the polymers. 
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1.9 2 2.1 2.2 2.3 

1000/T [K" 1 ] 

Fig. 2 Arrhenius plots of BAMO/THF copolymers. 


with a slightly higher value of E a . This shows that the additional azide groups 
in the main chain altered the decomposition kinetics of polymer sample. The 
azide group decomposed before the polymer backbone did at high-rate ther- 
molysis, with heating rates of 50-255 K/s (Ref. 19), but simultaneous decom- 
position of its backbone structure was observed in rapid pyrolysis with a CO 2 
laser 20 and heat fluxes of 100 and 400 W/cm 2 . In this isothermal condition the 
decomposition characteristics of the azide group depend on that of the poly- 
mer backbone. B/T(6/4) has 10% more azide groups in the polymer chain than 
B/T(5/5). Although there were energy differences between the two, the rates of 
decomposition of B/T(5/5) and B/T(6/4) were almost the same. B/T(7/3) also 
showed a similar tendency. E a increased with an increase in the BAMO content 
in the B/T. 

The effect of the terminal structure of GAP on decomposition kinetics was 
examined . 12 The Arrhenius plots of GAP and GAPN 3 are shown in Fig. 3. Because 
of the presence of another azide group at the terminal position of the polymer 
chain, GAPN 3 showed a faster rate of decomposition than GAP. GAPN 3 has 
10% more azide groups in the molecule than GAP, as in B/T(6/4) and B/T(5/5). 
However they had almost the same value of E a . This result indicates that the azide 
groups at the terminal position of polymer chain decomposed independently of 
the polymer chain and other azide groups on the main chain. 

PolyNMMO showed much faster rate of decomposition than polyBAMO, as 
shown in Fig. 4. The thermal stability of polyNMMO was much lower than that 
of polyBAMO in the temperature range between 425 and 513 K (Ref. 23). The 
decomposition reactions of polyNMMO occur in the condensed phase and initially 
produce highly reactive gases that percolate through the condensed phase before 
they reach the gas phase . 24 The azidomethyl group is also highly reactive and 




Rate coefficient [min' 1 ] Rate “efficient [min-1] 
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Fig. 3 Arrhenius plots of GAP. 
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Fig. 4 Arrhenius plots of BAMO/NMMO copolymers. 
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produces N 2 and HCN. Both N 2 and HCN, however, are less reactive, and the 
rest of the molecule of the BAMO unit may also be less reactive with HONO and 
CH 2 0, which are generated by the NMMO unit decomposition. Therefore, the 
BAMO unit and the NMMO unit decompose independently in the copolymer. 13,23 

The kinetic parameter calculated by the equation of 0.7 polyBAMO + 0.3 
polyNMMO [TheoB/N(7/3)] was L,k = 40.6- 150200/RT, and its curve over- 
lapped with that of L k\ for B/N(7/3), as shown in Fig. 4. The theoretical rate of 
decomposition curve shows that the reactions which are related to the NMMO unit 
decomposition dominate the copolymer decomposition over the whole tempera- 
ture region. The decomposition of the nitratomethyl group initiated the backbone 
decomposition, and the bond cleavage of the oxetane chain was accelerated by the 
copolymerization with NMMO. 

DSC thermograms of polymer samples are shown in Fig. 5. The peak temper- 
atures were polyNMMO: 494 K; B/N(7/3): 498 and 526 K; B/A(7/3): 530 K; 
B/T(7/3): 531 K; and polyBAMO: 531 K (Ref. 23). The azide polymers show 
the same decomposition peak temperatures. This indicates that the decomposi- 
tion reactions of the BAMO unit dominate those of the copolymers B/T and B/A. 
Poly AMMO shows its DSC exotherm peak temperature at 542 K, and its decompo- 
sition exotherm overlaps the BAMO exotherm. AMMO decomposition reactions 
were found to be accelerated by the heat generated by the BAMO unit decompo- 
sition. The decomposition peak temperature of polyNMMO was 37° lower than 
that of polyBAMO. The combination of 70% polyBAMO exotherm and 30% 
polyNMMO exotherm indicates that the heat generated by the NMMO unit de- 
composition activates the decomposition of the BAMO unit. 13 On the other hand, 
the THF and AMMO units did not affect the thermal decomposition of the BAMO 
unit. The thermochemical characteristics of BAMO copolymers polymerized with 
THF or AMMO were the same as those of polyBAMO. THF and AMMO are, 
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therefore, good candidates for improving the physical properties, such as viscos- 
ity and glass transition temperature, of polyBAMO. AMMO is preferred from 
the energetic point of view, whereas THF is recommended from the viewpoint of 
mechanical properties. 


D. Improvement of Mechanical Properties 

B/T showed good mechanical properties at low temperature, 7 but an increase 
in the amount of THF soft segment decreased the energy level of the copolymer. 
NMMO became an alternative soft segment of the BAMO copolymer, and B/N(7/3) 
showed relatively better thermal properties and sensitivity characteristics. 13 1,4- 
Butandiol/BF3(C2H 5 ) 2 0 was used as an initiator system. In this study more soft 
segment of the initiator system, hydroxyl- terminated polyester (PE)/BF 3 (C 2 H 5 ) 20 , 
was applied to improve the mechanical properties of B/N, and the compound was 
designated B/N/PE. 

According to the 'H-NMR spectrum analysis of B/N/PE, 17 the molar ratio of 
each composition in the copolymer was B/N/PE = 7.4/2.6/0.39. The result indi- 
cates that the copolymer had approximately the same composition as the monomer 
fed, which was 7.0/3.0/0.33. 13 C-NMR analysis showed that the arrangement of 
the monomer units in the copolymer chain was very nearly ideal, or a perfectly 
random conformation. 

The tensile strength (TS) and the tensile elongation (TE) of the composite propel- 
lants, whose composition was 77% ammonium perchlorate (AP) and 23% binder 
for both copolymers, are shown in Fig. 6. 17 The TE of B/N/PE propellant in the 
low-temperature region was larger than that of B/N propellant. The mechanical 
properties at low temperature were significantly improved by the PE application. 
The theoretical specific impulse (7 sp ) of the B/N/PE propellant as calculated by the 
NASA code 25 was 2545 N • s at 10 MPa and 2566 N • s for the other propellant. The 
7 sp was decreased slightly, but the improvement of TE below 253 K played an im- 
portant role in the case-bonding processability and the propellant grain design. 26,27 
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Fig. 6 Effect of soft segment in initiator system. 17 
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Fig. 7 Effect of soft segment in GAP. 


The detailed viscoelasticity 28 and the properties at high strain rate 29 up to 2937 
mm/min were also reported. 

A similar technique was applied to GAP, which showed less of the plateau 
burning property but was cost effective. In addition to the soft segment in the 
initiator system (GAPS), the soft segment of THF was also copolymerized in the 
main chain with molar ratios of 8/2 and 6/4 for the GAP/THF copolymer (G/T), 
making G/T(8/2) and G/T(6/4) (Ref. 30). Each propellant composition was 75% 
AP, 11.9% binder, and 13.1% plasticizer. TE and TS are shown in Fig. 7 as a 
function of temperature. The structural modification and the plasticizer were very 
effective in the TE improvement at 228 K. Although GAP propellant had maximum 
TE at 243 K, other propellants with modified binder had maximum TE below 
228 K. The modification significantly altered the glassification characteristic of 
the propellant viscoelasticity. G/T(8/2) showed a better TE property than G/T(6/4) 
in the temperature region tested, but G/T(6/4) was expected to have better TE 
below 228 K. 

The mechanical properties at a strain rate of 50 mm/min were not related to 
the impact sensitivity of the solid rocket propellants. 31-35 Only fragmentation was 
observed at lower impact velocity, up to 172 m/s, even with 1-kg impactor. 34 Most 
of the propellants showed a linear relation between the impact velocity and the 
fragmented fraction. The critical impact velocity depended on the amount of the 
binder but not on the chemical structure. 


IV. Burning Rate 
A. BAMO/NMMO/AP Propellants 

Although AP-based propellant shows high flammability in the insensitive- 
munitions characteristics, 35 its combustion characteristics are well under- 
stood, 36-41 and it is relatively easy to obtain a high burning rate, which is neces- 
sary for a high-performance rocket motor. AP-based composite propellants show 
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Table 4 Propellant compositions 41 


Sample 

B/N a 

AP h 

Fe 2 0 3 f 

Fe,0 4 f 

ZrC g 

1 

20.0 

80.0 C 




2 

20.0 

79. 9 C 

0.1 



3 

19.8 

79, 2 C 

1.0 



4 

19.4 

71. T 

2.9 



5 

19.4 

m.T 


2.9 


6 

21.9 

73. 3 C 

2.9 


1.9 

7 

22.1 

74.0 d 

1.9 


1.9 

8 

22.5 

75. 4 e 

0.1 


2.0 


a BAMO/NMMO(7/3) binder. 

b Ammonium perchlorate, average diameter. 

c 106 fim. “63 fim. e il/xm. f Iron oxide. g Zirconium carbide. 


a complex flame structure. 36-40 The heat release responsible for sustained burning 
occurs in three different kinds of reaction stages: 1) oxidizer exothermic decom- 
position at the burning surface reactions, 2) a leading edge of the oxidizer-fuel 
diffusion flame, 39 and 3) diffusion-limited flames between mixing oxidizer and 
fuel vapors. Some catalyzed AP-based azide composite propellants have a very 
low-pressure exponent of the burning rate. The site and mechanism of the plateau 
burning is currently a subject of controversy. 

The burning-rate behavior of AP-based azide composite propellants and the 
condensed-phase chemistry were studied to elucidate the catalytic effect. The 
compositions of AP-based B/N (B/N/AP) propellants are listed in Table 4. 41 Un- 
catalysed B/N/AP propellant strand showed unstable combustion at below 1 1 MPa, 
as shown Fig. 8. The propellant strand ignited by the electrically heated nichrome 



Pressure [MPa] 


Fig. 8 Burning rate vs pressure for B/N/AP propellants with and without iron oxides 
(see Table 4 for propellant compositions). 
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wire burned 30 mm from the heating wire at pressures of 1 1-9 MPa and 10 mm 
at 7 MPa. Such an unfavorable characteristic disappeared when iron oxides were 
used as a burning rate catalyst. The suggestion was made that the burning rate was 
controlled by gas-phase reactions at high pressures because of the gas-phase heat 
release close to the burning surface. 36-38 However, azide polymer exothermically 
decomposes at the burning surface, and the reaction scheme in the combustion wave 
structure might become complicated. Several investigators continue to emphasize 
the possibility that subsurface reactions might control or contribute measurably 
to the propellant burning rate. 42,43 The catalyzed propellants studied here showed 
plateau-burning behavior. 

The buming-rate augmentation was observed at 0. 1 % addition of Fe 2 C >3 to the 
base propellant, as shown in Fig. 8. The burning rate increased with the increase 
in iron oxide content. Iron oxide became an increasingly effective catalyst as the 
weight percent of AP in the propellant was increased. At the higher pressures 
more gas-phase collisions between the catalyst and oxidizer, which was generated 
by AP decomposition, occurred in the region close to the burning surface. If 
iron oxide acted to increase only the reaction rate in the gas phase, therefore, 
the catalyst would be more effective at the higher pressures. However, catalyzed 
B/N/AP composite propellants showed plateau-burning characteristics, in which 
buming-rate augmentation was diminished at the higher pressures. Although the 
pressure limitation on the nitrogen-pressurized strand burner prevented buming- 
rate measurements above 15 MPa, catalyzed propellant showed a mesa-burning 
between 15 and 20 MPa in 80-mm-diam microrocket motor experiments. 41 

Fe 3 C >4 also enhanced the burning rate but was less effective in the burning 
rate augmentation than Fe 2 C> 3 . However, the Fe 30 4 -catalyzed propellant showed 
a lower pressure exponent of strand burning rate. The quantitative comparison 
of relative catalytic effectiveness in mechanistic terms is difficult when dealing 
with solid catalysts because the particle size and state of aggregation of each 
catalyst is different. Therefore, the same submicron-order particle size and the 
same propellant processing procedures were used for Fe 2 C >3 and Fe 3 CVcatalyzed 
propellant samples. 

The TGA results of B/N/AP propellants with and without iron oxide are shown 
in Fig. 9. The TGA thermogram of sample 1 shows a slope break at around 10% 
weight loss, and the reaction mechanism changes at around 570 K. The initial 
stage of the thermal decomposition of sample 1 was dominated by B/N binder 
decomposition reaction, which was initiated by the nitrogen gas evolution from 
the azidomethyl group and NO 2 from the nitratomethyl group. The calculated 
weight loss for evolution of N 2 and NO 2 is 8%. The slope of the TGA thermogram 
from 10 to 40% and the weight-loss temperature region were significantly altered 
by the addition of iron oxide. This catalyst became increasingly effective as the iron 
oxide percent was increased. The onset temperature of the second-stage reaction, 
in which AP decomposition dominated, was lowered by the catalyst. Fe 30 4 was 
more effective at the onset temperature of the second-stage reaction. However, 
there were no differences between the activation energies, which were 190 kJ/mol. 

DSC thermograms of the propellant samples are shown in Fig. 10. The exotherm 
peak shifted to the lower-temperature region with an increase in the catalyst 
amount. The heats of decomposition measured by DSC were the following: sam- 
ple 1,7.5 kJ/mol; sample 2, 8.5 kJ/mol; sample 3,9,1 kJ/mol; sample 4, 9. 1 kJ/mol; 
and sample 5, 8.5 kJ/mol, respectively. The heat generated in the condensed phase 
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Fig. 9 TGA thermograms of B/N/AP propellants with and without iron oxides (see 
Table 4 for propellant compositions). 



Temperature [K] 


Fig. 10 DSC thermograms of B/N/AP propellants with and without iron oxides (see 
Table 4 for propellant compositions). 
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increased with the catalytic effect. Although the heat of decomposition measured 
by DSC is not identical to the heat value of the solid phase near the burning surface, 
it is expected that the trend of the magnitudes given by DSC measurement will 
be the same as the heat value. Taking account of the thermal equilibrium on the 
burning surface, these results indicate that the condensed phase plays an important 
role in the burning-rate equation. 

The isothermal decompositions for the B/N prepolymer with Fe 2 C >3 provide 
kinetic parameters of L k\ = 38.5 - 139800/RT and k 2 = 35.2 - 130800/RT in 
the temperature range of 424-5 14 K. The activation energy unit is in J/mol. These 
results indicate that the B/N binder decomposition reaction was only slightly af- 
fected by the addition of Fe 2 0 3 (Refs. 23 and 41). 

In the evolved gases of thermal decomposition, C0 2 was increased by the cat- 
alyst. This result indicates that Fe 2 C >3 accelerated the oxidation of the binder. 
Infrared spectra of the gases in the final decomposition stage showed that oxida- 
tion of AP and fuel binder was significantly enhanced to produce CO. These results 
suggest that the accelerated oxidation reaction occurred in the condensed phase. A 
similar reaction mechanism was observed in AMMO/AP composite propellants. 44 
Although Fe 2 0 3 did not affect the onset temperature of the weight loss, it changed 
the profile of the TGA curve below the 25% weight-loss point 44 and showed a 
rapid weight loss between 520 and 560 K. Because Fe 2 0 3 did not accelerate the 
thermal decomposition of the AMMO prepolymer, 45 the rapid weight loss was 
caused by the reaction between decomposed AMMO and AP. Fe 2 0 3 catalyzed the 
AP decomposition or reaction of decomposed AMMO binder with AP. 

The effect of AP particle size on the burning rate of B/N/AP propellant is 
shown in Fig. II. 27 Although 106- and 63-jum propellants showed plateau-mesa 
burning and almost the same burning rate, very fine AP (1 1 /xm) diminished the 
plateau burning at a pressure range between 9 and 15 MPa. This result indicates 
that the combustion mechanism of the propellant tested here was dominated by 
the particle size of AP. The structure of the combustion wave near the burning 
surface was influenced by the modification of AP particle size. 

Plateau burning was observed even after accelerated aging of B/N/AP propellant 
at 333 K for 32 weeks. 46 The pressure range of the plateau burning moved to a 
higher pressure region with aging, which indicated that the reactions between AP 
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Fig. 1 1 Effect of AP particle size on the burning rate of B/N/AP propellants (see Table 
4 for propellant compositions). 27 
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and the decomposed binder products that occurred in the condensed phase were al- 
tered by the change in binder reaction chemistry, which was generated by the aging. 


B. BAMO/AMMO/AN Propellants 

In the solid rocket propellant arena the desire for minimum signature (smoke 
and flame) has eliminated AP from consideration in a wide variety of applications. 
For increased specific impulse at reduced flame temperatures, a cyclic nitramine 
(HMX) was selected as an energetic material in the propellant ingredients. 47 The 
insensitivity of the solid rocket motor to several stimuli (e.g., bullet impact, cook- 
off) is also desired. From this point of view, ammonium nitrate (AN) is one of the 
strong candidates as solid oxidizer. However, HMX and AN have low burning rates 
coupled with a relatively high burning-rate exponent problem. 47-50 The objective 
of this research program was to increase the burning rate of HMX and AN via the 
use of an energetic-binder material containing azide side chains and the addition 
of modifiers. 51 

The relation between the propellant burning rate and pressure at 293 K is shown 
in Fig. 12, where good linearity in the log scale, except in the case of sample 10, 
is seen. The compositions are listed in Table 5. The combination of ammonium 
dichromate and copper chromite was most effective at increasing the burning rate 
and lowering the pressure exponent. 

The effects of the initial temperature of the propellant on the burning rate were 
measured at 243 and 343 K. The temperature sensitivities of the burning rate at 2 
MPa in %/K were 0.425 for sample 9, 0.183 for samples 10 and 11, and 0.085 for 
sample 12. The catalytic effects were also observed on the temperature sensitivities, 
as shown in Fig. 13. The combined additive had the most effect on lowering the 
temperature sensitivity. 

The TGA results of AN/HMX-based propellants with a heating rate of 0. 17 K/s 
in helium are shown in Fig. 14. All propellants decomposed in the temperature 
range of 390-550 K. Observed weight losses in this region were 88% for sample 9, 
91% for sample 10, 87% for sample 1 1, and 83% for sample 12. The slope of the 



i 


Pressure [MPa] 


10 


Fig. 12 Burning rate of BAMO/AMMO propellants (see Table 5 for propellant com- 
positions). 
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Table 5 Propellant compositions 


Sample 

B/A a 

AN b 

HMX C 

Cat. l d 

Cat. 2' 

9 

25.0 

60.0 

15.0 




10 

24.5 

58.8 

14.7 

2.0 


11 

24.5 

58.8 

14.7 

— 

2.0 

12 

24.0 

57.7 

14.4 

1.9 

1.9 

13 

25.0 

60.0 

15.0 




a BAMO/AMMO(7/3) binder. 
b Ammonium nitrate. 
c Cycrotetramethylene tetranitramine. 
d Ammonium dichromate. 

'Copper chromite. 


weight-loss curve around 400 K was steeper in sample 12 than in sample 9 and 
was gentle in samples 1 0 and 1 1 . All samples showed a slope break at a weight loss 
of 65%. This temperature region was consistent with that of AN decomposition 
reactions . 52,53 

The DSC thermograms are shown in Fig. 15. There was no apparent exotherm 
in the 70% weight-loss temperature region shown in Fig. 14. Urbanski 52 states that 
AN has six modes of decomposition and that these are all exothermic reactions, 
except the decomposition reaction to ammonia and nitric acid of scheme 6 . 


NH 4 NO 3 -a N 2 + 2H 2 0 + ±0 2 + 1 15.9 kJ ( 1 ) 

4 NH 4 NO 3 -* 3N 2 + 2N0 2 + 8H 2 0 + 401.7 kJ (2) 

NH 4 NO 3 -* ±N 2 + NO + 2H 2 0 + 46.9 kJ (3) 

NH 4 NO 3 -a N 2 0 + 2H 2 0 + 44.8 kJ (4) 

8 NH 4 NO 3 -* 5N 2 + 4NO + 2N0 2 + 16H 2 0 + 354.8 kJ (5) 

NH 4 NO 3 -► NH 3 + HN0 3 - 148.1 kJ ( 6 ) 



1 10 

Pressure [MPa] 

Fig. 13 Temperature sensitivity of BAMO/AMMO propellants (see Table 5 for pro- 
pellant compositions). 
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Temperature [K] 


Fig. 14 TGA thermograms of B/A/AN propellants with and without additives (see 
Table 5 for propellant compositions). 



Temperature [K] 


Fig. 15 DSC thermograms of B/A/AN propellants with and without additives (see 
Table 5 for propellant compositions). 
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Scheme 4 occurs above the melting point of 443 K, and scheme 3 only starts at 
493 K. Fedoroff 53 reported 10 modes of decomposition reactions and states that 
the decomposition reaction of AN was significantly affected by the condition of 
the heating rate, confinement of sample cell, amount of sample, pressure, etc., and 
turned into a complicated reaction, which was the combination of several modes 
of the proposed reaction schemes. In sample 9 the endotherm and exotherm were 
relatively balanced in the solid phase and then more exothermic reaction occurred 
in the gas phase, showing a peak temperature at 505 K. Sample 9 showed two 
endotherms related to the phase transition of AN at 406 K and to the melting 
of AN at 443 K and two exotherms at around 500 and 586 K. According to the 
TGA thermogram, these exotherms mainly occurred in the gas-phase reaction. 
The exotherm at 586 K was removed by the additives used here. The additives 
also altered the shape of the peak at around 500 K. Especially in samples 10 and 
12, ammonium dichromate sharpened this exotherm. The two exotherms were 
merged into single peak by the combination of ammonium dichromate and copper 
chromite. 

The heats of decomposition measured by DSC for AN/HMX-based propellants 
were 2.88 kJ/mol for sample 9, 2.80 kJ/mol for sample 10, 2.89 kJ/mol for sam- 
ple 11, and 2.84 kJ/mol for sample 12. There was no difference in the heat of 
decomposition of the propellants with and without catalysts. 

AN and HMX interaction in the decomposition reaction is depicted in Figs. 16 
and 17. The amount of the oxidizer was HMX/AN(65/10) and HMX/AN( 1 5/60). 
Figure 16 shows AN separately decomposed from HMX, and the first stage was 
related to the decomposition of AN. In this temperature region the exothermic 
reactions mainly occurred in the gas phase. 



Temperature [K] 


Fig. 16 Effect of AN/HMX concentration on the TGA thermogram. 
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Temperature [K] 

Fig. 17 Effect of AN/HMX concentration on the DSC thermogram. 


The average burning-surface temperature T s and the temperature gradients in the 
close-to-surface area of the gas phase (dT /dx) s are listed in Table 6. The {dT/dx) s 
of sample 9 was twice that of sample 13. According to the gas composition, the 
heat conductivity in the gas phase of sample 9 was not the same as that of sample 
13. Therefore, the large (AT/dx) s might not be related to the large heat feedback 
to the burning surface. The melting of AN at the burning surface is also related 
to its slow burning rate. The T s and (d7” /Ax) s were increased by the addition of 
ammonium dichromate. The observed increase in the burning rate agreed well 
with the increase in the heat flux into the condensed phase. The combined catalyst 
of ammonium dichromate with copper chromite was the most effective for the 
burning-rate augmentation. The (AT /Ax) s of sample 12 was, however, similar to 
that of sample 9. This result indicates that the combined catalyst activated not 
only the gas-phase reactions but also the reactions occurring in the condensed 
phase. 


Table 6 Average burning-surface 
temperatures and temperature 
gradients at 2 MPa 


Sample 

T s , K 

(dr/dx)*, K/m 

9 

690 

3.1 x 10 6 

10 

870 

11.4 x 10 6 

11 

770 

1.8 x 10 6 

12 

820 

3.8 x 10 6 
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Table 7 Propellant compositions 


Sample 

GAP 3 

TMETN b 

AN 

NC C 

HMX 

14 

20 

20 

60 



15 

15 

15 

70 



16 

15 

15 

60 

10 


17 

15 

15 

40 

30 


18 

15 

15 

40 


30 


a GAP binder. 

b Trimethylolethane trinitrate. 
c Nitrocellulose microsphere. 


C. GAP/AN Propellants 

GAP and AN were chosen as an energetic binder and main oxidizer. 54 HMX, 
nitrate esters (NC and TMETN), and AP were used as co-oxidizers. Sample pro- 
pellant compositions are listed in Table 7. The effects of nitrate esters on the 
burning rate of GAP/AN propellant were evaluated here. The strand burning rates 
are shown in Fig. 18. The higher AN content propellant, sample 15, showed a 
lower burning rate than sample 14. The 7 sp of sample 15, calculated by the NASA- 
SP-273 code, 25 was 2453 N • s at 10 MPa and 2406 N • s for sample 14. Although 
a higher I sp propellant tends to show higher burning rate, the endotherm at the 
burning surface, which was caused by the melting and sublimation of AN, played 
an important role in the lower burning rate of the AN composite propellants. The 
effect of NC was observed in samples 16 and 17. The burning rate became higher 



Fig. 18 Burning rate of GAP/AN propellants co-oxidized by nitrate ester or HMX 
(see Table 7 for propellant compositions). 
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Table 8 Propellant compositions 


Sample 

B/N 

AN 

HMX 

AP 

Fe 3 0 4 

Cat. 2 

Cat. 3 a 

Cat. 4 b 

19 

24.5 

58.8 

14.7 





2.0 


20 

23.8 

57.1 

14.7 



2.9 


1.9 

21 

23.8 

57.1 

9.5 

4.8 


2.9 

— 

1.9 

22 

26.7 

52.5 

14.9 

5.0 

1.0 

— 




a Chromium oxide. 

b Butacene, ferrocenyl grafted hydroxyl terminated polybutadiene. 


with the replacement of AN with NC. Casting powder was also a very effective 
ballistic modifier that provided useable burning rates and pressure exponent (~0.5) 
for minimum signature propellant based on AN. 54 The addition of HMX was ef- 
fective on the / sp increase, and the 7 sp of sample 17, 2345 N • s at 10 MPa, was 
changed to 25 12 N • s by the replacement of NC with HMX, sample 1 8. The burn- 
ing rate decreased, however, with the increase in HMX. The nitrate ester plasticizer 
TMETN increased the burning rate of GAP/AN propellants. NC was also effective 
in augmenting the propellant burning rate. 


D. BAMO/NMMO/AN Propellants 

The burning rates of BAMO/NMMO/AN (B/N/AN) propellants, whose com- 
positions are listed in Table 8, are shown in Fig. 19. Chromium oxide is a com- 
mon burning rate modifier for AN-based propellants. The combined catalyst of 



Fig. 19 Burning rates of B/N/AN propellants (see Table 8 for propellant composi- 
tions). 
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copper chromite and butacene was effective in increasing the burning rates. The 
ammonium dichromate with copper chromite was also effective in the B/A/AN 
propellants, 51 in which the combined catalyst activated not only the gas-phase re- 
actions but also the reactions occurring in the condensed phase. The replacement 
of HMX with AP altered the reaction mechanism of the combined catalyst, and 
the burning rate was decreased by approximately 15% at 10 MPa. The pressure 
exponent was increased approximately 0.08 by the replacement. These results in- 
dicate that the reaction mechanisms of the burning rate of AN propellants were 
influenced by AP reactions. 

A higher BAMO ratio in the binder caused a faster burning rate in the HMX- 
based B/N propellants. 55 The burning rate was proportional to the calculated en- 
ergy level of the propellant, but AN-based propellant showed complicated burning 
characteristics. A linear relationship between the critical shock pressure in the 
Card Gap test and the oxygen balance was found in solid rocket propellants. 56 
However, various types of azide polymer binders can effect the burning rates of 
AN propellant differently. 


V. Conclusions 

1) The copolymerization of BAMO with NMMO behaved like an ideal system, 
in the sense that the copolymer had approximately the same composition as the 
monomer fed during synthesis. The microstructures of copolymers were shown to 
be truly random. 

2) Because the thermochemical characteristics of BAMO copolymers with THF 
or AMMO were the same as those of polyBAMO, we conclude that the thermal 
stability of the BAMO unit controls the thermal characteristics of the copolymers. 

3) The main chain cleavage of the NMMO unit occurred in the B/N, but both 
units independently decomposed. The theoretical rate coefficient of decomposition 
showed that the reactions related to the NMMO unit decomposition played a 
dominant role in the copolymer decomposition over the whole temperature range 
used. 

4) The additional azide groups at the terminal position or main chain position 
in the molecular structure produced about a 10% energy increase. The additional 
azide at terminal position decomposed independently and increased the overall 
rate of decomposition of the polymer. However, azide groups in the main chain 
altered the decomposition kinetics of the polymer. 

5) A soft segment in the initiator system and/or main chain was very effective 
in improving the mechanical properties at low temperature. 

6) The heat balance at the burning surface of B/N/AP propellants was shown 
to be unstable below 1 1 MPa. However, the addition of iron oxide catalysts al- 
tered the burning property of the propellant and enhanced the burning rate with 
plateau-mesa burning characteristics. Such pressure insensitiveness of the burning 
rate indicates that the condensed-phase chemistry played an important role in the 
catalytic activity of iron oxides. 

7) The ammonium dichromate with copper chromite significantly increased 
the burning rate of B/A/AN propellant, with a favorable decrease in the pressure 
exponent. It is possible that the catalyst not only participates in the gas-phase 
reactions but also enhances the condensed-phase reactivity. 
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8) TMETN acted as an excellent energetic plasticizer to GAP/ AN propellant 
and was also effective on the burning-rate augmentation in combination with NC. 
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Nomenclature 

A n = preexponential factor for n-order reaction 

C = concentration 

C° = initial concentration 

c p = average specific heat of the gas/condensed phase 
E = activation energy 

k = reaction rate coefficient 

Ld = heat of dissociation 

L m = heat of melting 

m - temperature exponent in the Arrhenius equation 

m = mass burning rate 

n = formal order of reaction 

p = pressure 

pKa = equilibrium constant of proton transfer 

po = constant in the van’t Hoff equation 

Q = heat of reaction 

T b = boiling temperature 

r eq = adiabatic flame temperature 

Tf = flame temperature 

?hcn = combustion temperature calculated for nonequilibrium 
= composition of combustion products (frozen HCN) 

T m = melting point 

Tmax = maximal combustion temperature 

T s = surface temperature 
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To = initial temperature 

T\ = temperature above the burning surface 

Ze = Zel’dovich number 

A Hj = standard enthalpy of dissociation 

A Hj = standard enthalpy of formation 

A H rn = molar reaction enthalpy 

rj = mole fraction of hydrazoic acid in the gas phase 

A, = average thermal conductivity of the gas/condensed phase 

/x = molecule weight 

a p = temperature sensitivity 

n /2 = time of releasing one-half heat of decomposition 

p = density 


I. Introduction 

E NERGETIC materials (EMs) can be generally divided into two classes: sub- 
stances capable of deflagration at the expense of the heat produced during 
redox reactions between the fuel and the oxidizing parts of the molecule, and sub- 
stances that bum through the release of heat in the decomposition of endothermic 
groups or fragments of the energetic molecule. Most explosives and propellant 
formulations of practical significance belong to redox-type systems, so that es- 
sentially all studies on the combustion of EMs have been devoted to this type of 
compounds rather than to endothermic-type EMs. At the same time, over the past 
decade there has been an increasing interest in the combustion of endothermic 
EMs, predominantly azides and tetrazoles, considered as components of promis- 
ing propellant and composite formulations, as well as clean-burning emergency 
gas generators. 

This chapter presents a short overview of the steady-state combustion of en- 
dothermic polynitrogen compounds: salts of hydrazoic acid (HN 3 ), organic azides, 
and tetrazole derivatives, in which burning propagates through the decomposition 
reactions of the endothermic groups or fragments. Because it is the decomposition 
reaction that is considered to play a key role in combustion, our main goal in this 
work was to examine the relationship between the decomposition kinetics and the 
burning rate of EM, as well as to elucidate the chemical structure effect and the 
reasons for the burning-rate level. 


II. Experimental Methods 

We obtained most of the experimental data on the burning of endothermic- 
type EM presented in this work by using the strand burner technique. Parameters 
of steady-state combustion of both pressed strands and liquid samples of the sub- 
stances under investigation were photographically measured in a constant-pressure 
window vessel of 2-liter volume in the pressure range of 0.1-36 MPa (Ref. 1). A 
vacuum bomb of 40-liter volume was used for experiments at subatmospheric 
pressures. 

The combustion strands were prepared by compacting thoroughly comminuted 
substances in transparent acrylic tubes with internal diameters of 4, 7, or 10 mm. 
The height of the ready strands compacted under pressure of 200-250 MPa never 
exceeded two diameters, which ensured a uniform distribution of the strand density 
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with height. The resulting strands had densities of 95-99% theoretical maximum 
density. This method enabled steady-state combustion of the substances and pre- 
vented flame penetration between the particles into the strand and its propagation 
along the side surface. Liquid materials were tested in transparent quartz or acrylic 
tubes. 

A microthermocouple technique was extensively used to measure temperature 
profiles during combustion. The thermocouples were welded from 80% W + 20% 
Re and 95% W + 5% Re wires 25 or 50 ( l m in diameter and rolled in bands 5 
and 20 /rm thick, respectively. The thermocouple was embedded in the center of 
the strand so that the section with the junction was parallel to the combustion 
front . 2 The thermocouples with a 20- /um thickness were used in measuring only 
the maximum flame temperature. 

The condensed combustion products were collected and then analyzed by 
means of infrared (IR) spectroscopy. The compositions of the gaseous combustion 
products (N 2 , NO, CO, and C0 2 ) were analyzed on a gas chromatograph. In this 
case the strands were burned in a 0.25-litter bomb filled with He. NH 3 was ab- 
sorbed by a concentrated H 3 BO 3 solution present in the bottom of the bomb, and 
its concentration was measured acidometrically . 3 


III. Results and Discussion 
A. Combustion of Hydrazoic Acid and its Onium Salts 

HN 3 is one of the most energetic, while chemically simplest, EM represen- 
tatives. Experimental determinations of the burning rate of liquid HN 3 have not 
been carried out until now because of its extremely high explosiveness. Only the 
combustion of HN 3 vapors at low pressures has been studied . 4 Extrapolation of 
the combustion velocity (960 cm • s _I or 0.11 g • cm -2 • s -1 at 50-mm Hg pres- 
sure) to 0. 1 MPa, under the assumption that it is in direct proportion to pressure, 
gives 1 .7 g • cm -2 • s“ 1 . This value agrees well with the value of 1 .9 g • cm -2 • s _1 , 
calculated on the basis of the well-known models of combustion of volatile explo- 
sives, for which the kinetic parameters of the decomposition reaction of HN 3 at 
the combustion temperature are used . 5 

Onium salts of HN 3 , with such bases as ammonium, hydrazine, and organic 
amines, are not nearly so dangerous as liquid HN3 and are capable of sustained 
steady-state burning . 5 Energetic parameters of these salts are less than those of the 
parent HN 3 , owing to the heat of salt formation as well as the lower molar concen- 
tration of HN 3 , in which the decomposition reaction is the major source of heat. It is 
no wonder therefore that the salts under study showed lower burning rates than the 
estimated value for liquid HN 3 at atmospheric pressure (Fig. 1). Ethylenediamine 
and aminoguanidine salts, unlike the other salts, start burning at high pressures: 10 
and 30 MPa, respectively. An interesting combustion peculiarity is demonstrated 
by triaminoguanidine azide: there is a pressure region 2.6-23,0 MPa within which 
the salt will not bum in the form of a 7-mm-diam pressed strand. 

Inspection of ammonium azide temperature profiles has shown 5 that the surface 
temperature is determined by the dissociation of the salt and that all the heat re- 
quired for the warming up and dissociation of ammonium azide comes from the 
gas phase. The burning rate in this situation may be considered to be governed by 
gas-phase reactions at the maximal flame temperature provided by the HN 3 decom- 
position. The nature of the second constituent of an onium salt, the base, determines 
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Fig. 1 Mass burning rate vs pressure for 1, HN 3 and its salts with 2, hydrazine; 3, 
ammonium; 4, triaminoguanidine; 5, aminoguanidine; and 6, ethylenediamine. 


the surface temperature. The point is that the higher the basicity, the stronger the 
binding between basic and acid components of the molecule and the higher the 
dissociation enthalpy of the salt. The dissociation temperature, which determines 
the temperature at the burning surface T s is dependent on the salt dissociation 
enthalpy A H$, according to the van’t Hoff equation, p = poe~ AHd/RT \ where p 
is the equilibrium vapor pressure above the solid or the liquid phase. Varying the 
base can also affect the flame temperature: decrease it through dilution of HN 3 
vapors and heat consumption for salt formation on the one hand, or contribute to 
the combustion temperature if an endothermic base is taken, on the other. 

Measured surface temperatures of the salts are moderate (400-500 K) (Ref. 5), 
because HN 3 is a weak acid (pKa = 4.8) and its onium salts have correspondingly 
low dissociation enthalpies (31—37 kcal • mol -1 ). Calculations show that decom- 
position reactions in the condensed phase at these temperatures can be ignored. 

A correlation between the burning rate and maximal flame temperature can 
be seen from Table 1 . The salt of more basic amines (those having lower pKa 
values), other conditions being the same, may be pointed out to reveal a ten- 
dency to decreased combustion stability. Methylammonium azide, for example, 
appeared to be incapable of sustained burning in the whole pressure interval inves- 
tigated, and triaminoguanidine azide reveals a lack of combustion within a large 
pressure region. Such behavior is believed to be connected with the condensed- 
phase heat imbalance, i.e., the heat supply from the gas is insufficient to heat the 
salt to the surface temperature and produce dissociation. A comparison between 
two similar salts, methylamine azide (CH 3 NH 2 • HN 3 ) and ethylenediamine di- 
azide [(CH 2 NH 2 • HN 3 ) 2 ], both containing practically the same amount of HN 3 
in the molecule (58.1 and 58.9%, respectively) and hence having very similar 
energy characteristics, substantiates this conclusion. The second amino group of 
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Table 1 Characteristics of burning of HN 3 salts and basicity of protonated 
amines, expressed in terms of pKa values 


Base 

pKa 6 

Adiabatic flame 
temperature at 
0.1 MPa, K 

Measured (calculated) b 
flame temperature at 
0.1 MPa, K 

Burning rate, 
g -cnr 2 • s _l 

0.1 MPa 30 MPa 

Hydrazine 

8.5 

1849 

2080 

0.15 18.76 

Triaminoguanidine 


1730 

1820 

0.05 c 2.57 c 

Ammonium 

9.25 

1285 

1660 

0.04 4.13 

Ethylenediamine 

10.07, 6.99 a 

1343 

(1500) 

0.49 

Methylamine 

10.66 

1263 

(1460) 

Will not bum 

Aminoguanidine 

11.0 

1211 

(1130) 

0.33 

Guanidine 

13.6 

936 

(610) 

Will not bum 


“The second step of dissociation. 

b Calculated for nonequilibrium composition of combustion products (frozen NH 3 and/or HCN). 
c Values corresponds to unstable combustion (pressure exponent is more than unity). 


ethylenediamine is far less basic than methylamine. The difference in the basicity 
accounts for the fact that, of the two substances, it is one capable of burning, which 
requires less heat for warming up and dissociation. 

Calculated adiabatic flame temperatures of hydrazine, triaminoguanidine, and 
ammonium azides are significantly different from experimentally obtained ones, 
suggesting that the composition of the combustion products does not reach its 
equilibrium state. Indeed, our experiments showed that at 0. 1 MPa the combustion 
products of ammonium and hydrazine salts contain large amounts of NH 3 : 0.97 
and 0.81 moles per mole of the salt, respectively . 5 NH 3 is present in the former 
case because there is insufficient time for it to be destroyed in the front of the 
flame, whereas radical products of HN 3 decomposition (mainly nitrene HN and H 
atoms) scarcely react with ammonia at all, being turned to N 2 and H 2 : 

NH 4 N 3 ^ NH 3 + HN 3 ->• 0.97NH 3 + 1.515N 2 + 0.545H 2 

As for NH 3 in the ammonium azide flame, hydrazine also has not enough time to 
decompose in the hydrazine azide flame, as is clear from a comparison with burning 
of liquid hydrazine . 7 The formation ofNH 3 during combustion of hydrazine azide 
therefore may be attributed to the substantial reaction of hydrazine with the radical 
decomposition products of HN 3 : 

N 3 H 5 N 3 ^ N 2 H 4 -F HN 3 — > O. 8 INH 3 T 2.095N 2 T 1.285H 2 

Related reactions indubitably occur with the other hydrazine derivatives: aminog- 
uanidine and triaminoguanidine. 

Because of the presence of large quantities of NH 3 that have a negative enthalpy 
of formation in the combustion products, combustion temperatures of ammonium, 
hydrazine, and triaminoguanidine salts prove to be substantially higher than the 
calculated values (see Table 1). In the case of guanidine, aminoguanidine, and 
triaminoguanidine, decomposition of the bases induced by radical products of 
HN 3 destruction may result in the formation of ammonia along with another stable 
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molecule, HCN. Unlike NH 3 , HCN has a positive enthalpy of formation and is 
responsible for decreasing flame temperature. 

The thermal decomposition of HN 3 diluted in Ar has been studied in shock 
tubes, but the data reported are in disagreement. According to Kajimoto et al . 8 
and Dupre et al . 9 the primary process of decomposition is a bimolecular reaction, 
whereas Zaslonko et al . 10 proposed that above 1250 K the primary process is a 
unimolecular reaction. 

Assuming no reaction in the condensed phase during combustion and by using 
a combustion model of volatile explosives , 11 one can easily calculate the formal 
kinetics of a gas-phase reaction that is responsible for heat generation in the gas 
and controls the burning rate. Hereafter this reaction is referred to as the dominant 
combustion reaction. The combustion model used links the kinetics of the dominant 
reaction under flame conditions with the rate of burning: 


m — 



n + 1 


(Tf 


1 / \ n 

n ! h-P\ . 
- To,)" \RT f ) 


-E/RTf 


( 1 ) 


where m is the mass burning rate; Tf is the flame temperature; fi is the molecular 
weight of a salt; p is pressure; t) is the mole fraction of HN3 in the gas; E,A„ , and n 
are the activation energy, preexponential factor, and the formal order of the leading 
reaction, respectively; and c p and A. are the average specific heat and the thermal 
conductivity of the gas phase, respectively. The value of 7oi = 7o - (L m + L d )/c p 
stands for initial temperature To with allowance for the heat consumed for melting 
L m and dissociation L d . 

The product A n exp (- E/RTf) of Eq. (1) represents the rate constant of the 
dominant reaction at flame temperature and can be derived from the equation by 
substituting the experimental bum rate and flame temperature data into it. The rate 
constants of the dominant reaction in combustion of ammonium, hydrazine, and 
triaminoguanidine azides at atmospheric pressure, as well as pure 4 and diluted 12 
HN 3 vapors at 50-mm Hg, have been calculated in this way, assuming either the 
first- or the second-order reaction of HN 3 decomposition in the flame and by use 
of corresponding values of the activation energy. The results obtained have been 
plotted in the Arrhenius coordinates along with apparent first-order 10 and second- 
order 8 ’ 9 rate constants for HN 3 decomposition reactions obtained previously by a 
shock- wave decomposition procedure (Fig. 2). 

Reasonable agreement between the rate constants of HN 3 decomposition and 
those derived from bum-rate data is observed for the first-order reaction (Fig. 2a), 
whereas the assumption of the second order gives rate constants ~ 1 00 times greater 
than the shock-wave decomposition experimental data 8 ' 9 (Fig. 2b). However, the 
calculated rate constants for the second-order dominant combustion reaction of 
both hydrazoic acid salts and HN 3 vapors agree closely with Rice-Ramsparger- 
Kassel-Marcus (RRKM) calculations of the decomposition rate constants for the 
triplet pathway , 8 assuming that the reaction probability factor is equal to unity. 

The first order of the HN 3 decomposition reaction, in spite of its fair consistency 
with corresponding data from the literature, can hardly be unconditionally accepted 
for describing the combustion of HN 3 salts because it implies that the burning rate 
is proportional to the one-half power of the pressure as it follows from Eq. (1) with 
n = 1. What actually happens is that the pressure exponent for the salts proves to 
be close to unity, at least at low pressures (0.99, 0.96, and 0.78 for ammonium, 
hydrazine, and triaminoguanidine azides, respectively). 
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1/T, K"' 


Fig. 2 Arrhenius plot of apparent a) first-order and b) second-order rate constants 
obtained by Zaslonko et al. 10 (solid line and circles in a), Kajirooto et al. 8 (solid line and 
crosses, experiment; dashed line; RRKM calculations in b), and Dupre et al. 9 (squares 
in b) for the decomposition reaction of HNj, compared with calculated rate constants 
for the dominant reaction during combustion of HN 3 and its salts (triangles). 
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Adoption of the second order of the reaction results in the preexponential factor 
10 17 - 25 cm 3 - mol -1 -s -1 , which is consistent with the values for the decompo- 
sition of normal four-atom molecules, 8 and almost the same value of the acti- 
vation energy obtainable from the slope of the fitting line (36.14 kcal - mol -1 ), 
which matches well the calculated RRKM activation energy of HN 3 decomposi- 
tion (36.0 kcal • mol -1 ) (Ref. 8). Finally, mention may be made of that low-pressure 
flame studies of pure and diluted HN 3 vapors 12 were indicative of the overall re- 
action order of ~2 and activation energy equal to 30 kcal • mol -1 . 

Thus the combustion behavior of both HNj and its salts may be assumed to de- 
pend on a common gas-phase reaction, namely, the HN 3 decomposition reaction. 
One conceivable reason for the observed discrepancy between HN 3 decomposition 
kinetics in flame conditions and shock tubes is that in the latter case the decom- 
position may be subjected to the effect of vibrational nonequilibrium, 9 with a 
consequent deviation from the Arrhenius law. 


B. Combustion of Organic Azides 

A change from HN 3 and its salts to organic azides opens up another class 
of endothermic compounds with a wide structural diversity, among which are 
found primary explosives (cyanurotriazide and similar heterocyclic azides), high 
explosives (trinitroazidobenzene and related compounds), and energetic binders 
and plasticizers {poly(3-azidemethyl-3-methyloxetane) (AMMO), poly[bis(3-azi- 
domethyl)oxetane] (BAMO), glycidyl azide polymer (GAP), and other azide poly- 
mers}. 

Organic azides are only slightly different from HN 3 in terms of their thermal 
decomposition mechanism: Likewise, the nitrogen molecule is released to form 
nitrene intermediate RN, which reacts further by C-H and C-C bonds to produce 
imines and nitriles. 13-15 As with those of HN, the secondary reactions of nitrene 
RN are also considered to take place very fast; it has even been suggested that a 
rearrangement of the nitrene skeleton proceeds concurrently with liberation of the 
nitrogen molecule. 13 

The thermal stability of the azides decreases in going from alkyl to aryl azides, 
which is associated with the resonance stabilization of forming nitrene by the 
aromatic ring. The least stable are aryl azides that have an ortho-substituent in 
the ring, which can participate in the decomposition reaction to form heterocyclic 
systems. 13 

/. Aliphatic Azides 

Most alkyl azides are liquids under standard conditions and can easily change 
their combustion regime from laminar to turbulent as the pressure increases. Lam- 
inar combustion of the azides has been observed in the subatmospheric pressure 
region. 16 ’ 17 All of them have low boiling points (from 470 to 520 K at atmospheric 
pressure), allowing the use of the combustion model for volatile explosives. 11 As 
the alkyl radical chemical structure has only a slight effect on the decomposition 
kinetics of alkyl azides, 14 the available decomposition data of any one of them, 
such as methyl azide, for example, can be used for comparison purposes. Unfor- 
tunately, experimental data on combustion temperatures are rare in the literature. 
Combustion data for two azides, l,3-diazidopropanol-2, [N 3 CH 2 CH(OH)CH 2 N 3 ] 
and acetate of l,3-diazidopropanol-2 [N 3 CH 2 CH(OCOCH 3 )CH 2 N 3 ] have 17 been 
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Fig. 3 Arrhenius plot of apparent first-order rate constants for the decomposition 
reaction of methyl azide (solid line) and rate constants for the dominant combustion 
reaction of alkyl azides at subatmospheric pressure (crosses). 


taken for calculations of rate constants from Eq. (1), and the results appeared to 
agree satisfactorily with first-order rate constants for the decomposition reaction 
of methyl azide 14 (Fig. 3). Thus, as with that of HN 3 onium salts, the burning rate 
of volatile alkyl azides is determined by the rate of azide decomposition reaction 
at the flame temperature. 

An interesting combustion feature of some alkyl azides, such as 1 ,5-diazido- 
pentane, 1 ,3-diazidopropanol-2, and acetate and propionate of 1 ,3-diazidopro- 
panol- 2 , is the presence of breaks on the bum rate vs pressure curves, i.e. some 
pressure interval within which the azides are incapable of self-sustained burning . 17 
At low pressures the azides bum in the laminar regime, and after the break they 
start burning in the turbulent one. This phenomenon was first observed for the 
combustion of nitroglycerine . 18 The noted behavior does not appear to be a result 
of peculiar chemical structure of the energetic materials but is conditioned by 
the Landau instability effect , 19 the disturbance of the liquid-vapor interface (the 
burning surface becomes distorted). The disturbance appears and progresses after 
the burning rate has reached a critical value, which depends on the viscosity of the 
liquid. Calculations of the critical bum-rate values 17 showed that the viscosity of 
the liquid alkyl azides under study could not provide stable burning at pressures 
above atmospheric. 

The solid representatives of the alkyl azides, the azide polymers, unlike their liq- 
uid analogs, appear to be capable of self-sustained burning within a wide pressure 
range. Typical azide polymers, such as the well-known GAP, AMMO, BAMO, 
and others, are produced by curing and crosslinking of the corresponding azide 
oligomers with a molecular weight of 2000-5000. These polymers are used as 
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energetic binders and plasticizers in rocket propellants with reduced smoke and 
vulnerability, as well as in composite explosives with low sensitivity. A number of 
thermochemical and bum rate studies on azide polymers have been conducted that 
describe the thermal decomposition chemistry and combustion mechanism . 15,20-27 
Thermolysis of the azide polymers leads to the formation of solid polymeric mate- 
rial containing -CH=NH groups and gaseous N 2 , H 2 , CO, C 2 H 4 , CH 4 , and HCN. 
The results are consistent with the initial rupture of the N-N 2 bond of the azide to 
produce reactive nitrene, which gives rise to the final gaseous and solid products. 
It is interesting to note that the ratio of the solid polymeric products decreases and 
the amount of HCN formed increases as the thermolysis conditions near those of 
combustion . 23 

The composition of the combustion products of azide polymers is different 
from the thermodynamical equilibrium composition because of the presence of 
large amounts of HCN, Q 2 H 4 , and CH 4 , resulting in an actual flame temperature 
that is considerably lower than the calculated adiabatic temperature. Very high 
values of the surface temperature measured with thin Pt-Pt/Rh thermocouples 
[700-730 K at 0.4-0.8 MPa (Ref. 20), 700-800 K at 1.5-10 MPa (Ref. 26) for 
GAP, 720-750 K at 3 MPa for the BAMO/tetrahydrofuran (THF) copolymer 25 ] and 
compared with known kinetic data on thermolysis of the azide polymers 15 suggest 
that the dominant combustion reaction proceeds in the condensed phase. This 
suggestion is also supported by the Zel’dovich number Ze = a p (T s - 7b) ^ 5 for 
the BAMO/THF copolymer, where a p is the burning-rate temperature sensitivity, 
0.0112 K ' 1 at 3 MPa (Ref. 25), which is five times greater than the Zel’dovich 
number for volatile alkyl azides with the dominant reaction in the gas phase 17 
(Ze = 0. 8-1.1). 

Because the main heat source for combustion of azide polymers is the azide 
group decomposition reaction and because kinetic parameters of the decompo- 
sition vary only slightly , 14 the burning rate may be correlated with the azide 
group density in related materials, for example within copolymers of BAMO 
and THF . 22 Chen and Brill showed that the decomposition kinetics match the 
burning rate of GAP extrapolated to the same pressure and temperature ranges . 15 
Rate constants of the dominant combustion reaction of azide polymers can be ob- 
tained from a combustion model based on a dominant role of the condensed-phase 
chemistry 28 : 


y c, IT, - T„f E 

where 7/ and T s are the flame and the surface temperatures, respectively, E and A 
are the activation energy and the preexponential factor of the dominant reaction, 
respectively, and c p and k are the average specific heat and thermal conductivity 
of the condensed phase, respectively. 

Experimental data on surface temperatures for GAP and BAMO/THF were used 
to calculate rate constants from Eq. (2) and were compared with rate constants 
for the decomposition reaction of GAP . 15 As seen in Fig. 4, the results derived 
from the combustion model are in satisfactory agreement with the kinetics of 
GAP slow thermal decomposition. Also presented in the figure are rate constants 
for volatile alkyl azides, calculated in the preceding section from Eq. (1) on the 
assumption of gas-phase priority. As can readily be observed, the burning rate of all 
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Fig. 4 Arrhenius plot of apparent first-order rate constants for decomposition reac- 
tion of GAP (solid line) and rate constants of the dominant combustion reaction of 
GAP and BAM/THF polymers (crosses) and alkyl azides (circles). 

the considered azides is governed by the kinetics of the decomposition, irrespective 
of whether it occurs in the condensed or the gas phase. 

The most probable contributor of heat evolution in the gas phase during com- 
bustion of azide polymers is thought to be the decomposition of small fragments 
of the azide polymer, formed by means of partial depolymerization and removed 
to the gas phase through either evaporation or carrying over with the gas flow. 
Alternative possibilities for heat release in the gas are unlikely because the poly- 
mer itself is not volatile and there are no other channels giving rise to gaseous 
endothermic compounds, as elimination of HN 3 , for example, is not typical for 
organic azides. 14 Oxidation of the polymer backbone by ether oxygen atoms could 
add only a few tens of degrees to the combustion temperature, rather than 200 or 
300, as has been proposed elsewhere. 26 

2. Aromatic Azides 

The main combustion features of aromatic azides basically repeat those of 
aliphatic azides: An increase in the number of azide groups in the molecular leads 
to a regular increase in the burning rate. Some of the azides reveal a gap in the 
bum rate-pressure dependence (Figs. 5 and 6). 

Studying the combustion behavior of aryl azides is also of interest because the 
aromatic ring allows introducing the nitro group along with the azide group into 
the molecule, thereby giving a comparative correlation between them with respect 
to influence on the burning rate. In studies of combustion of nitroazidobenzenes 1 
(NABs), the position of the nitro group in the NAB molecule was found to have 
a strong effect on the burning rate as well as on thermal stability. 29 However, the 
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Pressure, MPa 

Fig. 5 Effect of azide group content on burn-rate characteristics of 1, cyanurotri- 
azide; 2, aminodiazidotriazine; and 3, azidobenzoic acid. 



Pressure, MPa 

Fig. 6 Effect of azide group content on bum-rate characteristics of azides of the ph- 
talazine series: 3, diazidophtalazine; 2, triazidophtalazine; and 1, tetrazidophtalazine. 
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Pressure, MPa 


Fig. 7 Comparison of burn-rate characteristics of three isomers of NAB: 1, para; 2, 
meta ; and 3, ortho. 


expected correlation between the thermal stability of the compounds and their 
burning rates was not directly observed: The least stable compound among the 
three isomers of NAB, ortho- NAB, showed a burning rate that was 60-70% lower 
than that of more stable meta - and para- isomers (Fig. 7). 

The introduction of each additional nitro group into the molecule of a regular 
nitro compound is known to raise its burning rate by a factor of 2-3 (Ref. 30). 
Quite a different picture was observed with NABs when the second nitro group was 
introduced. 2,4-dinitroazidobenzene bums at the same rate as ortho-NAB, whereas 
3,5-dinitroazidobenzene bums almost at the same rate as meto-NAB (Fig. 8). Here 
the second nitro group does not markedly affect the burning rate if it is introduced 
in the meta or the para positions to the azide group. When introduced in the ortho 
position, the nitro group, however, reduces the burning rate, as exemplified by a 
comparison of para- NAB and 2,4-dinitroazidobenzene. 

Thermocouple-aided measurements in the combustion wave of the NAB isomers 
allowed proposing the combustion mechanism and an explanation of the unusual 
correlation between the burning rate and thermal stability. Typical temperature pro- 
files for orfko-NABs and para-NABs are presented in Fig. 9. The temperature at the 
surface T s and the temperature of the primary flame T\ reached in close proximity 
to the burning surface are always lower, under equal conditions, for the ortho- 
isomer than for the meta- and the para-isomers. The temperature profiles for the 
ortho- isomer at 4 and 7 MPa clearly indicate the presence of two flames, but there 
is no such clear-cut separation in the flames from the meta- and the para-isomers. 
At high pressures the maximal flame temperatures 7/, measured for the ortho- 
and the para-isomers, are virtually identical, but they are 300-400 K lower than 
the adiabatic flame temperature calculated on the assumption of thermodynamic 
equilibrium in the combustion products (T eq = 2170 K at 10 MPa). 
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Pressure, MPa 

Fig. 8 Comparison of burn-rate characteristics of dinitroazidobenzene isomers: 1, 
3,5-dinitroazidobenzene and 2, 2,4-dinitroazidobenzene. 


The discrepancy between the Teq and the measured maximal flame temperatures 
may be caused either by incomplete reduction of the active oxygen contained in 
the molecule or by incomplete release of the energy stored in the azide group. 
An analysis of the gaseous combustion products from para - NAB indicates that 
nitrogen oxides were not present in the combustion products, even at atmospheric 
pressure. At the same time, the measured and the calculated T /■ are in good agree- 
ment if the calculations are made on the assumption that one of the nitrogen atoms 



Fig. 9 Temperature profiles for ortho - NABs and para-NABs at 1.0 MPa. 
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of the azide group has remained in the form of endothermic nitrile moiety in the 
combustion products, resulting in incomplete combustion heat release. 

Distinctions in temperature profiles among the NAB isomers was assumed to 
be connected with different pathways of the azide chemical conversion in the 
combustion wave. The first step of ortho - NAB combustion (in the condensed 
phase and near the surface) involves the elimination of the nitrogen molecule to 
form furoxan. After that, furoxan undergoes reduction to furazan, followed by 
degradation and oxidation reactions, yielding a nitrile derivative: 



The temperature rise corresponding to the first step can be distinctly seen in temp- 
erature profiles at low pressures. At higher pressures the first two steps become 
hardly discernible, but the third step makes its appearance because of oxidation 
reactions involving all of the oxygen in the molecule. 

The pathway for the conversion of meta - NABs and para-NABs is slightly differ- 
ent. In the first step, the azide group undergoes decomposition with the formation 
of a nitrile derivative containing the unreacted nitro group. The nitro group then 
undergoes reduction, but the nitrile group, as before, does not decompose: 


-N 2 RC = N 

LI — — - NsC-R-N0 2 - + 

Oxidation Products 

N0 2 , 2 

By and large, surface and T\ temperatures in the combustion wave of ortho - NAB 
are less than those for meta- and para-isomers and could be responsible for the 
slower burning of the former. A comparison among decomposition kinetics of 
the isomers shows that the decomposition rate of the ortho - isomer exceeds that 
of the other isomers at low temperatures (below 700 K) and is less in the high- 
temperature region typical for the flame zone. It is of prime importance there- 
fore to know exactly the combustion zone in which the rate-controlling reaction 
mainly proceeds in order to use the known decomposition kinetics in modeling 
combustion. 

The heat balance calculated for the condensed phase indicates that the maximum 
fraction of NAB decomposed is 30% for para-NAB and meta-NAB and 60% for 
ortho- NAB. This fact, along with the Zel’dovich number of 1.9 obtained for the 
combustion of para-NAB, 31 supports the priority of the condensed phase in the 
burning of such azides. 

We calculated the rate constants of the dominant combustion reaction of both 
ortAo-NAB and para-NAB from Eq. (2), assuming that this reaction occurred in the 
condensed phase and substituting experimental data on the surface temperature. 
The calculated values proved to agree closely with first-order rate constants for the 
decomposition reaction of the ortho-isomer (Fig. 10) but noticeably exceeded 
the decomposition kinetics data 30 for the para-isomer. However, calculations for 
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Fig. 10 Arrhenius plot of apparent first-order rate constants for the decomposition 
reaction of ortho-NAB (solid line) compared with calculated rate constants for the 
dominant combustion reaction of ortho-NAB (crosses). 


para-NAB, based on the gas-phase combustion model [Eq. (1 )], failed even further 
to match the thermal decomposition kinetics extrapolated to the high-temperature 
area. Therefore the combustion process of para-NAB (and meta- isomer) is not 
likely to be described satisfactorily by the condensed-phase model alone, but should 
include a contribution from heat evolution in the gas phase as well. 

Nevertheless, it may be safely stated that the heat produced in the condensed 
phase is of primary importance in controlling the burning rate of NAB and that the 
rate of the heat evolution process is in general agreement with the decomposition 
kinetics of the azides. The mutual arrangement of the azide and nitro groups in 
the NAB molecule (chemical structure) will influence the burning rate as far as it 
exerts an effect on the kinetics of azide decomposition. 


C. Combustion of Tetrazoles 

Tetrazoles, high-nitrogen heterocyclic compounds, are of special interest as en- 
ergetic components of propellants and gas-generating systems. Chemically, tetra- 
zoles can be viewed as cyclic tautomers of azidoimines Nh-CR=NR. Having a 
high-intemal-energy content, many tetrazole derivatives are capable of sustained 
burning (Figs. 11 and 12) at the expense of heat produced during the thermal 
decomposition of the heterocyclic ring. 33 34 

The stationary combustion of the parent compound tetrazole and the temper- 
ature distribution in its combustion wave at atmospheric pressure have been in- 
vestigated previously, 33-36 and some of their thermophysical characteristics were 
determined. 35 
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Pressure, MPa 

Fig. 11 Linear burning rate vs pressure for 5-substituted tetrazoles: 1, bistetrazole; 
2, cyanotetrazole; 3, bis(tetrazolyl-5)amine; 4, tetrazole; and 5, aminoterazole. 


At atmospheric and near-atmospheric pressures, tetrazole bums under a nitrogen 
atmosphere with crackling, forming copious white vapors, which condense as fine 
yellowish drops inside a tube and on the cold surfaces of the bomb. As pressure 
increases above 2 MPa, the gases flowing off become almost transparent, with 
no condensed combustion products observed. The IR spectroscopy data on the 
condensed combustion products indicate a wideband in the range 3080-3330 cm -1 
(vN-H), a strong band in the range 2130-2245 cm -1 (vC=N), and absorbances 
in the range 1400-1620 cm -1 ( 8 NH 2 and vC=N), allowing the conclusion that 
the condensed products consist of a mixture of cyanamide and its condensation 



Pressure, MPa 

Fig. 12 Linear burning rate vs pressure for 5-substituted tetrazoles: 1, tetrazene; 
2, nitraminotetrazole; 3, nitrotetrazole; 4, chlorotetrazole; 5, bromotetrazole; and 6, 
hydroxytetrazole. 
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Fig. 13 Correlation between the mass burning rate of 5-substituted tetrazoles at 
30 MPa and Hammett’s a values for the substituents. 


products: dicyandiamide and, probably, melamine. Burning of amino, hydroxy, 
and cyano derivatives is also accompanied by formation of condensed combustion 
products, whereas chloro, bromo, nitro, and some other derivatives do not form 
condensed products in combustion. 

As with triaminoguanidine azide, chlorotetrazole appeared to be incapable of 
sustained burning in a certain pressure interval (Fig. 12). The introduction of 
electron-withdrawing groups into the tetrazole molecule raises the burning rate. 
Inspection of the experimental data reveals an interesting correlation between 
Hammett’s a values for the substituents and mass burning rates of the tetrazoles 
(Fig. 13). The Hammett’s er value of a substituent is known to affect the kinetics 
of a thermal opening of the tetrazole cycle to a substituted guanilazide. 37 - 38 The 
correlation shown in Fig. 13 is believed to be indicative of an important role of 
tetrazole cycle decomposition reactions in combustion. 

Thermocouple-aided measurements have been extensively carried out with tetra- 
zole and 5-chlorotetrazole. 34 ’ 36 Temperature profiles of tetrazole (Fig. 14a) demon- 
strate the following peculiarities: 

1) The length of the molten layer extending from the melting point T m to the 
surface temperature T s and the value of T s are both subject to significant variations 
at the same pressure. 

2) As pressure increases from 0.1 to 0.8 MPa, somewhat regular drops in the 
temperature are observed in the gas phase (Fig. 14a), whereas at 1.3 and 30 MPa 
the profiles are quite smooth. 

A different flame structure is typical on chlorotetrazole combustion (Fig. 14b); 
in contrast to tetrazole, the scatter in the measured lengths of zones and T s is 
significantly less; there are no temperature falls in the gas-phase region. 



EFFECT OF MOLECULAR STRUCTURE 


117 




Fig. 14 Temperature distribution in the combustion wave of a) tetrazole at 0.8 MPa 
and b) chiorotetrazole at atmospheric pressure. 


All data of temperature measurements for tetrazole are collected in Fig. 15. It 
is interesting to note that temperature above the burning surface T\ varies very 
little with pressure, whereas the maximal combustion temperature 7’ max shows a 
peculiar behavior: As pressure increases from 0.1 to 0.8 MPa it rises and then 
falls by 120-160°C in the pressure interval 0.8-30 MPa. The dependence of the 
tetrazole boiling temperature 7), on pressure calculated from Nemst’s equation 39 is 
also presented in Fig. 15. The heat of evaporation of 1 9.0 kcal • mol -1 was obtained 
as the difference between the sublimation heat of 23.3 kcal • mol -1 (Ref. 40) and 
the melting heat of 4.2 kcal • mol -1 (Ref. 35). Minimal measured values of T s 
turn out to lie virtually on the calculated line of the tetrazole boiling tempera- 
ture, whereas the maximal T s values exceed it more and more as pressure rises. 
With the kinetic parameters of tetrazole thermal decomposition 41 and assuming 
that the measured surface temperature at atmospheric pressure corresponds to 
the boiling temperature, it has been calculated that no more than 3% of tetra- 
zole undergoes decomposition in the surface reactive zone during combustion at 
0.1 MPa. 

Variations in the surface temperature can be explained by a periodic process that 
involves a gradual accumulation of decomposition products with a high decom- 
position/boiling temperature on the burning surface, followed by ejection of the 
products in the gas and clearing of the surface. Formation of thermostable products 
of tetrazole decomposition has been observed elsewhere. 42,43 

It is essential that the maximal measured temperatures of combustion of both 
tetrazole and chiorotetrazole at all studied pressures are much below calculated 
adiabatic ones. At 0. 1 MPa, for example, measured and calculated temperatures are 
1140 and 1925°C, respectivly, for tetrazole, and 1260 and 2180°C, respectively, 
for chiorotetrazole. As in the case with organic azides, the difference between 
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Fig. 15 Pressure dependence of surface temperature T s temperature above the sur- 
face 7\,and maximal temperature T mHX , in the combustion of tetrazole. Dashed lines are 
calculated boiling temperatures of tetrazole T h and tetrazole combustion temperatures 
assuming frozen HCN, Hj, and N 2 in the combustion products 7hcn- 


calculated and measured temperatures could be attributed either to a nonequi- 
librium composition of the combustion products or to the incompleteness of the 
combustion process because of the dispersal of the initial substances from the 
surface. However, the latter assumption was not proved by analysis of the con- 
densed combustion products, in which there was no initial tetrazole detected. 
A correlation between combustion temperatures calculated for various tetrazole 
decomposition channels and measured combustion temperatures was made and 
allowed choosing between possible decomposition routes: The temperature in the 
gas phase directly above the surface T\ appeared to be in good agreement with the 
calculated temperature achievable in tetrazole decomposition to form HCN, H 2 , 
and N 2 . 

This decomposition is likely to proceed in the gas phase, because the compo- 
sition of the main combustion products is similar to that found during gas ther- 
molysis of tetrazole . 43 The decomposition mechanism includes the fast reversible 
transformation of 1 //-tetrazole I into 2H -tautomer II, which dominates in gas 
phase , 44 followed by the formation and subsequent decomposition of intermediate 
azodiazocompound III and nitrilimine IV: 
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HCN + 1.5N 2 + 0.5H 3 


The concerted single-stage decomposition of tetrazole to give HCN and HN 3 was 
reported to have a high activation barrier 45 and thus be unlikely, although rapid 
thermal decomposition of 5-aminotetrazole in the interval 25-300°C, studied with 
rapid-scan Fourier transform IR spectroscopy 42 resulted in the formation of HN 3 
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and HiNCN in the gas phase at the beginning of degradation, followed by the 
appearance of a condensation product that was identified as melamine (trimer of 
cyanamide). 

Under decomposition in the condensed phase, tetrazole affords only insignificant 
amounts of HCN formed (~5%) (Ref. 43). The decomposition scheme includes 
isomerization of the 1 H - form I into azidoazomethyne V, followed by the formation 
of nitrene VI. This scheme is based on the fact that tetrazole thermolysis leads to 
the formation of high-thermostable compounds VIII representing polymerization 
products of cyanamide VII: 




Small amounts of cyanamide VII and its polymerization products found exper- 
imentally in the tetrazole combustion products suggest a partial decomposition 
reaction of I in the condensed phase. The contribution of this decomposition route 
at low pressure has been estimated to be ~10-20%, that is, more than the cal- 
culated contribution for the thermolysis at boiling temperature. This is likely to 
be connected with the accumulation of high-boiling decomposition products in 
the tetrazole molten layer, resulting in an increased surface temperature and thus 
enhancing the proportion of tetrazole decomposed in the condensed phase. The 
accumulated layer of high-boiling condensed products is ejected at times by gases 
flowing off the surface. A portion of the condensed products, having been thrown 
into the high-temperature zone as small drops, undergoes endothermic decompo- 
sition to form NH 2 CN and then HCN. At low pressures, however, the drops do 
not all have time to be decomposed. Small, regular temperature decreases, which 
are seen on profiles in the pressure region 0. 1-0.8 MPa, are likely to result from 
colder drops hitting the thermocouple. Because the formation of both cyanamide 
and its condensation products (dicyandiamide and melamine) is more favorable 
than HCN formation from the energetic standpoint, the maximal combustion tem- 
perature T max exceeds that achievable in the decomposition pathway to form HCN. 
Besides, if a part of the condensed droplets passes through the flame zone accessi- 
ble to the thermocouple without evaporating, it will also promote overestimating 
the gas-phase temperature. Increasing pressure, being favorable for more effective 
evaporation of the flying droplets, results in the homogeneous gas-phase zone ob- 
served in profiles at high pressures. At the same time, the maximal temperature is 
reduced and approaches the tetrazole combustion temperature, calculated on the 
assumption that HCN is produced. 

The combustion of 5-chlorotetrazole has much in common with the burning of 
tetrazole. The measured combustion temperature matches closely the calculated 
temperature of chlorotetrazole conversion to nitrile-containing products of dicyan 
type. In contrast to tetrazole, the decomposition of chlorotetrazole does not result in 
formation of high-boiling or thermostable products. Cyanuric chloride (C1CN) 3 , 
a possible condensation product, has a boiling temperature of 190°C, which is 
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below the measured surface temperature. The smooth appearance of chlorotetra- 
zole temperature profiles confirms this suggestion. 

Which reaction of the proposed decomposition scheme can be thought of as 
playing the dominant role in combustion? There is no apparent correlation between 
the kinetics of the initial reaction of tetrazole decomposition and the burning rate. 
For example, tetrazole and bistetrazole have very similar parameters of thermal 
decomposition , 41 and quite different burning rates (Fig. 1 1); only a slight influence 
of the 5-substituent on the decomposition rate is observed on the thermolysis of 
tetrazole derivatives , 41,45 whereas it is quite noticeable in combustion (Fig. 13). 

Such different behaviors of tetrazoles in thermolysis and combustion could be 
explained by a change in the dominant reaction in passing from thermolysis (150— 
200°C; decomposition through nitrene) to combustion (above 1000 & C; decompo- 
sition through FICN and HN 3). 36 There is, however, another possible explanation. 
The shift of the tautomeric equilibrium to 2 //-tetrazole is facilitated not only by 
phase transition into gas but also by the withdrawing power of the 5-substituent . 46 
Solvents used in a thermolysis study of dissolved tetrazoles 41 promoted shifting the 
equilibrium to 1 H- tetrazole, thus compensating for the withdrawing effect of 5- 
substituents. Considering that most of the material decomposes during combustion 
in the gas phase, where the 2 //-form dominates, an increase in the withdrawing 
properties of the 5-substituent will cause the equilibrium concentration of this form 
in the gas to increase, with the resulting enhancement in rates of heat production 
and burning. In either case, the burning rate of 5-substituted tetrazoles will be 
controlled by the primary decomposition reaction of the tetrazole cycle, although 
kinetics parameters of this reaction in conditions of slow thermal decomposition 
at 150-250°C may differ from those in combustion. 


D. Comparison with Nitrocompounds 

The combustion of practically all kinds of EM has its origins in the initial en- 
dothermic reaction of decomposition with the high activation energy to give active 
intermediate products, followed by secondary reactions of the lower activation 
energy, giving rise to the heat evolution. Analysis of the combustion behavior of 
redox systems indicates that the burning rate is greatly affected by the activity of 
the oxidizer formed in the decomposition of the initial compound (NO, NO 2 , C10 2 , 
HNO 3 , HCIO 4 , HCIO 3 , HBr 03 , etc.), whereas a correlation between burning rate 
and thermal stability is not obvious for this type of EM 47 

Investigations of the combustion of the other types of EM, such endothermic 
compounds as organic azides, salts of HN 3 , and tetrazole derivatives, show that, 
unlike in redox systems, it is the decomposition reaction that determines the burning 
rate . 5,34,47 

For better visualization of the reasons for the above-mentioned distinction be- 
tween the combustion of the two types of EM, the kinetics of the heat production 
process in the gas phase have been considered for two model systems: nitromethane 
(CH3NO2) and HN3. The reaction mechanisms for the decomposition of gaseous 
CH3NO2 and HN3 have been determined in several studies , 8,48,49 and so rate co- 
efficients for elementary reactions are well known. Because the main objective of 
modeling was to find the reason why the two types of EM had different dominant 
combustion reactions, the number of reactions used was reduced to 3 for the HN3 
flame (Table 2) and 18 for CH3NO2 flame (Table 3). 



EFFECT OF MOLECULAR STRUCTURE 


121 


Table 2 Elementary chemical reaction rate coefficients in the form 
k = A n T m exp (-E/RT) (cm 3 • mol -1 • s -1 ) and molar reaction enthalpy 
A H rn used in modeling HN 3 flame 


Number 

Reaction 

tn A* 

m 

E, kcal • mol 1 

A H rn , kcal • mol 1 

1 

hn 3 + m = nh + n 2 + m 

14.88 

0.0 

36.2 

17.5 

2 

nh + nh=h + n 2 + h 

13.4 

0.0 

0.0 

-77.0 

3 

h+h+m=h 2 +m 

17.8 

-1.0 

0.0 

-103.3 


The solution of differential kinetic equations for these models allows time- 
varying species profiles at a given temperature in the interval 800-3500 K. The 
heat of reaction is calculated then as the difference in the enthalpies of formation 
between initial and formed species at each instant of time: 

Q = A//°(CH 3 N0 2 /HN 3 ) • (Cch 3 no 2 /hn, ~ Cch 3 no : /hn 3 ) 

- Y2 Atf/(products)C products 

Heat evolution profiles have been obtained as the result of the calculations. Typ- 
ical profiles are presented in Figs. 16 and 17. The distinction in the decomposition 
mechanism between these representatives of two types of EM is immediately ob- 
vious, even from Tables 2 and 3: the endothermic compound (HN 3 ) can release 
the heat in fewer elementary stages compared with the redox system (CH 3 N0 2 ). 


Table 3 Elementary chemical reaction rate coefficients in the form 
k = A n T m exp (-EIRT), (cm 3 • mol~* • s _1 ) and molar reaction enthalpy 
A H rn used in modeling nitromethane flame 


Number 

Reaction 

in A„ 

m 

E , kcal • mol 1 

A H rn , 
kcal mol" 1 

1 

CH 3 N0 2 + M = CH 3 + N0 2 + M 

17.0 

0.0 

44.0 

70.1 

2 

CHi + N0 2 = CHiO + NO 

13.1 

0.0 

0.0 

-18.2 

3 

ch 3 o+m=ch 2 o+h+m 

26.3 

-2.7 

30.6 

23.0 

4 

CH 2 0 + OH = HCO + H 2 0 

4.8 

2.7 

-1.9 

-31.2 

5 

ch 2 o+h=hco+h 2 

9.4 

1.3 

2.6 

-16.1 

6 

HCO + M = H 4- CO + M 

14.2 

0.0 

14.7 

15.6 

7 

HCO + NO = CO + HNO 

11.3 

0.5 

2.0 

-29.8 

8 

no 2 + h=no+oh 

14.5 

0.0 

0.8 

-29.0 

9 

HNO + HNO = N 2 0 + H 2 0 

11.5 

0.0 

3.5 

-10.5 

10 

CH 3 0 + HNO = CH,OH + NO 

13.5 

0.0 

0.0 

-1.3 

11 

hco + h = h 2 + co 

13.0 

0.3 

0.0 

-88.6 

12 

hno+no=n 2 o + oh 

12.3 

0.0 

25.0 

-17.4 

13 

h 2 +oh=h 2 o+h 

9.0 

1.3 

3.6 

-15.1 

14 

ch, + ch 2 o=ch 4 + hco 

8.4 

1.8 

3.0 

-19.1 

15 

ch, + oh = ch 2 + h 2 o 

6.9 

2.0 

5.0 

-11.2 

16 

ch,+no = hcn+h 2 o 

11.0 

0.0 

15.0 

-28.3 

17 

CH, +OH = CH 2 0 + H 

13.4 

0.0 

0.0 

-74.2 

18 

h+h+m = h 2 + m 

18.0 

-1.0 

0.0 

-103.3 
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Heat release profiles are also different. Typical profiles for CH 3 NO 2 at tempera- 
tures above 1000 K invariably reveal a region where the heat is taken up (Fig. 16). 
This means that the rate of decomposition of the initial CH 3 NO 2 molecule is su- 
perior to the rates of secondary exothermic reactions to consume formed radicals. 
At temperatures below 1000 K, however, the profile acquires the S-shaped curve 
form typical of a single-stage Arrhenius-type process. A noticeable time delay in 
the secondary heat-release reactions was experimentally observed in methylnitrate 
decomposition in shock waves at temperatures above 1000 K (Ref. 50). On the 
other hand, the HN 3 heat-release profile is characterized by an S-shaped curve 
(Fig. 17), and the heat-absorption region does not appear until 4000 K. 

The profiles obtained can be used for determining the rate constants of the 
pseudo-first-order reaction responsible for the heat evolution process: k = (\/ 
T 1 / 2 ) s-‘, where ri /2 is the time taken to release one-half heat of decomposition. 
The rate constants thus obtained and divided by the initial reagent concentrations 
can also be useful for comparing with rate constants for second-order elementary 
reactions. 

Results of the calculations are presented in Figs. 1 8 and 19. Shown here are also 
thermal decomposition kinetic data for CH 3 NO 2 (Fig. 18) and HN 3 (Fig. 19), as 
well as data for two reactions of recombination chosen from Tables 2 and 3, in such 
a way that both are best suited to the calculated rate constants. These reactions 
proved to be a recombination of HNO, in the case of CH 3 N0 2 and a recombination 
of NH, in the case of HN 3 . 



T, K 

Fig. 18 Arrhenius plot of calculated rate constants for heat-release process in the 
decomposition of CH3NO2 (points) compared with kinetics of CH 3 N 0 2 thermal de- 
composition and HNO elementary reaction. 
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T, K 


Fig. 19 Arrhenius plot of calculated rate constants for heat release process in decom- 
position of HN 3 (points) compared with kinetics of HN 3 thermal decomposition and 
NH elementary reaction. 


The two plots are similar in appearance: at low temperatures the heat release is 
defined by the endothermic decomposition of the initial molecule, whereas at high 
temperatures it is controlled by secondary exothermic reactions of recombination. 
The main difference is in the temperature of transition: Nitromethane makes the 
transition at 1400 K, whereas for HN 3 the changeover is not observed until 3300 K. 
Other representatives of nitrocompounds and azides will be likely to demonstrate 
different transition temperatures, but these differences are not expected to be con- 
siderable, because the kinetic parameters of decomposition of EM of any given 
class normally differ only slightly. 

An unexpected outcome of this kinetic analysis is that the rate of the heat gener- 
ation process is seen to be dependent on the kinetics of both initial decomposition 
and secondary reactions within a rather wide temperature interval: 1500-2000 K 
for nitrocompounds and 3500-4500 K for azides. Within these intervals, the reac- 
tion rates are comparable, and neither should be disregarded. 

Combustion temperatures of most of the HN 3 salts, organic azides, and tetrazoles 
fall in the range between 1000 and 2000 K and are confined to the HN 3 combustion 
temperature of ~3300 K. On the other hand, the majority of redox-type EMs have 
a combustion temperature above 1500 K. It is eviden therefore why the burning 
rate of redox systems is mainly dependent on the kinetics of secondary reactions 
of recombination involving oxidizer-containing species, whereas for endothermic 
compounds it is determined by decomposition reactions. 
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IV. Conclusions 

The combustion mechanism of energetic materials in which burning proceeds 
at the expense of the heat produced during decomposition reactions has been 
shown to differ significantly from the combustion mechanism of redox systems. 
The initial decomposition reaction, with high activation energy and the subsequent 
secondary exothermic reactions with lower activation energy provide the basis for 
the combustion process of both redox systems and endothermic compounds. The 
burning rate of endothermic EMs, however, unlike redox systems, is determined 
by only the decomposition kinetics. The reason for this is that the transition from 
combustion dominated by thermal decomposition to combustion dominated by the 
secondary reactions takes place in endothermic EMs at only high flame tempera- 
tures (above 3500 K), whereas the combustion temperatures of these materials are 
usually lower. 

Incorporation of nitro groups into the aryl azide molecule, giving rise to in- 
creased combustion temperature, does not generally result in an increased rate 
of burning, as the rate of heat release in redox reactions involving NO 2 groups 
is much lower than the rate of heat evolution during decomposition of the en- 
ergetic azide group. The exception is the case in which the introduction of the 
nitro group will influence the decomposition kinetics, as with ortho-N AB. In this 
case too the burning rate is determined by the kinetics of decomposition of the 
endothermic group. 

It is significant that the kinetic parameters of the dominant reaction that controls 
the burning rate in the high-temperature gas zone may well be different from the 
kinetics of slow thermal decomposition at 150-250°C. 

An important feature of the burning of organic azides and related tetrazoles is 
in the preferred formation of thermostable high-energy nitrile derivatives among 
the combustion products, resulting in incomplete heat release. On the other hand, 
in the presence of NH 3 or related groups (amino or hydrazino) in the molecule, 
NH 3 may remain in the combustion products, giving rise to elevated temperatures, 
because of its negative enthalpy of formation. 
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Chapter 1.5 


Molecular Structure Tailoring of Binders 
in Solid Propellants 


Huimin Tan,* Yingquan Duo,t and Futai Chent 
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Nomenclature 

H = fraction of hard segment in thermoplastic elastomer (TPE) by 
mass, Eq. (3) 

N e - average sequence length of ethylene oxide (EO) unit 

Nt = average sequence length of tetrahydrofuran (THF) unit 

T g = measured glass transition temperature of soft segments in TPE 

T g i = glass transition temperature of soft segments of TPE 

T g2 = glass transition temperature of hard segments of TPE 

W = fraction of weight 

Ye = rate of competition of EO monomer 

Yt = rate of competition of THF monomer 

A Tg = changes of the glass transition temperature 

e m = elongation at peak 

o m - tensile strength at peak 

Xc = molar ratio of ether oxygen units in soft segments forming 
hydrogen bonds 

Subscripts 

BTTN =1,2, 4-butanetriol trinitrate 

NG = nitroglycerin 

PL = polymer 

1 = soft segments 

2 = hard segments 


This material is declared a work of the U.S. Government and is not subject to copyright protection 
in the United States. 
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I. Introduction 

I T IS well understood that binders play a very important role in solid propel- 
lants, in which filler particles and other additives are bound together to form a 
composite grain with satisfactory mechanical properties. During propellant com- 
bustion, the binder reacts with the oxidizer and acts as an important part of the 
fuel to provide energy release and working mass (fluid). Therefore, the properties 
of a given solid propellant are determined, to a great extent, by the selected binder 
system. For this reason, optimizing the molecular design and tailoring of binders 
has been the subject of considerable study. 

To meet application requirements, a solid propellant binder should possess the 
following properties : 1 ) good mechanical properties over a wide temperature range, 
typically from -40 to 60°C; 2) good compatibility with other ingredients in the 
formulation; 3) good thermal and aging stability; 4) fulfillment of casting or extru- 
sion processing requirements; and 5) low toxicity and high level of safety during 
propellant manufacturing. 

Therefore, an ideal molecule for thermoset binder should be a liquid prepolymer 
that 1) exhibits low- (or non) crystallization potential at low temperatures, 2) 
is capable of providing low viscosity in high solid loading mixtures and has a 
reasonable relative molecular weight (i.e., 2000-6000) and preferably a narrow 
molecular weight distribution, and 3) possesses two (or more) functional groups 
that are able to complete the curing reaction with suitable kinetic reaction rate to 
ensure sufficient pot life. 

Usually, a telechelic prepolymer is preferable. In this class of prepolymer, the 
cured network parameters, that is, cross-link density and average network molec- 
ular weight can be adjusted in a relatively wide range to meet different mechanical 
property requirements of propellants. 

On the other hand, the prepolymer should not contain any active functional 
groups other than those necessary to meet the curing requirement. Functional 
groups, such as double bonds, tertiary hydrogens, and alkylene-alcohols, are not 
suitable for these molecule chains. 

To ensure low viscosity for casting slurry, low hydrogen bonding between binder 
chains is desirable. Currently, the binders used in solid propellants do not have 
optimum chemical structures. Therefore, a reasonable molecular design, or a tai- 
loring of binder systems, is an important field of study in solid propellants. This 
paper describes an optimum molecular design for thermoset binders in nitrate ester 
plasticized polyether (NEPE) propellants, based on chain structure and mechanical 
property tailoring. 

For thermoplastic elastomers (TPEs), there are additional requirements for the 
design of the proper microdomain in these binders so that they can provide the 
proper melting temperature and mechanical properties for the resulting propellants. 
As the result of our study, we have obtained a correlation of binder chemical 
structure and the required propellant properties. These results could be useful for 
optimizing binder chemical structure for propellant applications. 


II. Molecular Structure Tailoring for Prepolymers in 
NEPE Propellant Binder 

In polymers, the chains’ symmetry and regularity are the main factors affecting 
crystallization and are, therefore, the main problems in obtaining good mechanical 
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Fig. 1 Orthogonal polarizing micrograph of PEG (Mn 8000), obtained by heating to 
70° C and crystallizing at room temperature. 


properties for propellants within the applications temperature range, that is, from 
—50 to 70°C. It is well understood that flexible chains consisting of symmetrical 
structure units and/or highly regular sequence arrangements show a tendency to 
crystallize at temperatures below the melting point due to the decrease of free 
energy and system entropy. As a rule, the better the flexibility is, the easier the 
crystallization is. A chain’s conformation in crystals may be zigzag or helical. 
Crystals appear to be either spherulite or lamellar in structure. 

It is known that the polyethylene glycol (PEG) prepolymer used in NEPE pro- 
pellant tends to form crystals . 1 Orthogonal polarizing microscopic observations 
revealed that these crystals are mainly spherulites (see Fig. 1 ). X-ray diffraction 
results indicate that PEG spherulite still exists in the NEPE propellant binder, but 
the crystallization tendency is suppressed by adding large amounts of nitrate ester 
(see Fig. 2). The tendency of PEG to crystallize at low temperatures is respon- 
sible for the low-strain capability of the propellant in the low-temperature range. 
As reported in Ref. 2, the elongation of this type of NEPE propellant is only 
about 20% at -40°C. Therefore, decreasing the binders' chain stereo regularity 
would be an effective way to reduce its crystallization tendency and to improve its 
low-temperature mechanical properties. 

It is possible in polymer synthesis to introduce another structure unit in the poly- 
mer chains to reduce the structure symmetry, thereby decreasing the crystallization 
tendency. If proper chemical units are chosen, then good properties of a highly 
plasticized binder can be maintained. Tetramethylene oxide is such an ideal struc- 
tural unit. Using ethylene oxide (EO) and tetrahydrofuran (THF) as monomers and 
ethylene glycol as the initiator, a random distributed copolymer of polyether can 
be synthesized by bulk polymerization with a BF 3 complex as catalyst . 3 

The alternate extent of the structure units, their sequence length, and their rate 
of competition are summarized in Table 1. 


nH 2 C-CH 2 

V 


h 2 c— ch 2 
h 2 c n ^ch 2 


touene 

-10— 0“C 

BFj complex 
as catalyst 


HG-eCH 2 CH20^tCH 2 CH2CH2CH 2 0^-0H 
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Fig. 2 WAXD spectrum of nitrate ester plasticized PEG (8000) cured with TDI, 
plasticizing ratio Wp L /Wpo = 7/3, plasticizer NG/BTTN = 1/1. 


Theoretically, a truly random polymer can be obtained with a monomer change 
of THF/EO (50/50), where the extent of alternation of the structural units ap- 
proaches 50% and the sequence lengths of these two structural units are close to 
2. This means that a randomly distributed chain is achieved. As a result, the cured 
binders with this prepolymer exhibit a low crystallization tendency. Wide angle 
x-ray diffraction analysis of isophorone diisocyanate (IPDI) cured, nitrate ester 
plasticized P(E/T) binder indicated a noncrystalline morphology (Fig. 3). 


Table 1 Chain composition of EO and THF copolymer P(E/T) 


Molar ratio Average sequence length Rate of competition 


of feeding Alternate 


THF/EO 

extent, % 

THF unit M T 

EO units N e 

Yt 

Ye 

Yt • Ye 

70/30 

44.96 

2.87 

1.58 



1.0818 

60/40 

48.30 

2.37 

1.79 

0.9000 

1.1830 

1.0665 

50/50 

50.22 

1.97 

2.01 

0.9700 

1.0100 

0.9797 

40/60 

48.33 

1.74 

2.39 

1.1000 

0.7942 

0.8815 


46.40 

1.38 

2.93 

0.8866 

0.8271 

0.7333 
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Fig. 3 WAXD spectrum of nitrate ester plasticized P(E/T), monomer unit ratio 
E:T = 50/50, plasticizing ratio Wp L /Wpo = 1-50, plasticizer NG/BTTN = 1/1. 


Propellants based on the copolymer P(E/T) with ammonium perchlorate (AP), 
Al, and octogen (HMX) as solid filler and plasticized with nitrate ester NG/BTTN 
(1:1) were also prepared. With isocynate N- 100 as the curing and cross-linking 
agent, as shown in Table 2, P(E/T) propellants exhibited excellent mechanical 
properties. As compared with PEG propellant, elongation at low temperature is 
significantly improved from 20 to 107%. This is undoubtedly attributed to the 
molecular design and the built-in flexible random distributed copolymer chains in 
the binder. Results reveal that P(E/T) propellant is capable of providing excellent 


Table 2 Mechanical properties of 
P(E/T) propellant 3 


Temperature, 

Stress strength 

Elongation 

°C 

<7,„, MPa 

e m , % 

70 

0.642 

62 

20 

0.945 

67 

-40 

1.86 

107 


“Solid content, 75%; plasticizer, NG/BTTN = 1/1 ; 
plasticizing ratio, Wpl/Wpo = 2.80. 
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mechanical properties in a wide temperature range, between —40 and 70°C. Con- 
sequently, great potential for applications not only in strategic but also in tactical 
missiles can be seen. 


III. Molecular Structure Tailoring of Binders in TPE Propellants 

TPEs are made up with a combination of hard segments and soft segments in 
a polymer chain. Rubber elasticity and plasticity are both present in the polymer. 
TPEs can be easily melted in processing and maintain rubber elasticity at room 
temperature. Therefore, highly efficient processing techniques of plastics, that is, 
extrusion, also can be employed. Attempts have been made in the propellant in- 
dustry to obtain low-vulnerability ammunition propellants with TPEs. In this way, 
extrusion techniques can be applied in producing composite propellants, and the 
excess and expired propellants can be remelted and reproduced. This is the reason 
that TPE has attracted considerable attention from propellant chemists. Several 
types of TPEs have been investigated in the preparation of solid propellant. They 
are all block copolymers, such as Kraton G 1 652 (styrene-butadiene-styrene block 
copolymer), 4,5 Kyeas 40-04 (copolymer of ethylene and acrylic acid or acrylate), 
Estome 5712 (a kind of polyurethane), and Kratone 1107 (copolymer consist- 
ing of 15% polystyrene and 85% polyisoprene). TPE binders have already been 
used in rocket motors and gas generators. Like all other TPE polymer materi- 
als, the properties of TPE propellants are determined by their chemical structure 
(short-range structure), morphology (long-range structure), supermolecular struc- 
ture (i.e., phase separation structure or microdomains), and to a great extent, the 
interactions and distributions of fillers and additives in the materials (the so-called 
textile structure). In an (AB)„-type TPE, the hard segments A (crystalline phase) 
tend to aggregate to form microdomains of physically cross-linked regions that are 
distributed throughout the soft segments B (continuous phase). The constitution of 
A and B in this linear block copolymer and their sequence length play an important 
role in the physical properties of TPEs. The chemical structure of the hard and 
soft segments and their ratio are an integral part of the molecular design of the 
optimum TPE binder. When applied to propellant manufacturing, the TPE must 
exhibit the following specific characteristics. 

1) The TPE should consist of linear chains with high relative molecular weight, 
that is, Mn > 10 5 . 

2) The TPE gumstock should exhibit a m > 4 MPa and e m > 500% to be con- 
sidered for propellant applications. These excellent mechanical properties can be 
achieved by the proper selection of A and B blocks and tailoring of their ratios. 

3) The TPE should be capable of being plasticized with energetic plasticzers, 
that is, nitrate esters, at high levels of retention. 

4) The processing temperature (mixing extrusion) must be within the safety 
limit of the propellant mixture: 353~393 K is preferable. 

5) To obtain high elongation (usually 30% is required) at low temperature, the 
glass transition temperature of the soft segments should be lower than 223 K. 


IV. Hard-Segment Domain Structure Selection 

There are four types of hard-segment domains defined according to the chem- 
ical structure feature in linear TPE: 1) glass state domain, where the hard segments 
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serve as cross-linking points (polystyrene polybutadiene polystyrene TPE of 
Kratone G16562 is a representative of this type); 2) ionic complex domain, such 
as Kyeas 40-04 of polyethylene-acrylic acid (or acrylate) TPE; 3) crystalline 
domain, for example, polyurethane TPE Estome 5712; and 4) chemical cross- 
linked domain, partly cured EPDM or reversible covalent bond cross-linked 
polyurethanes. 

In reversible covalent bond cross-linked TPE, the melting temperature is usually 
above 140°C, which is too high for the propellant to be mixed safely. Furthermore, 
chemically cross-linked TPE has the drawback of having poor processing prop- 
erties, so that it is eliminated from consideration. On the other hand, TPE with 
ionic complex domains, of which soft segments are mainly vinyl polymers, are not 
miscible with nitrate esters. As a consequence, energetic performance of propel- 
lants made of this kind of TPE would be reduced. Polystyrene (such as Kratone 
G) typically exhibits glass state microdomains, with a typical glass transition tem- 
perature of usually up to 100°C. As a result, within the application temperature 
range, the required propellant mechanical properties appear to be characteristic of 
a glass state. The most likely candidate for the crystalline block is polyurethane 
because its melting temperature is lower than 1 20°C and it supports a good melting 
behavior because of its crystalline domain structure. 


V. Chemical Structure Selection of Soft Segments 

The rubber elasticity of TPE mainly comes from the soft segments that serve 
as the continuous phase in the matrix. We used the following criteria to select the 
soft segment for synthesis of polyurethane TPE. 

1) It must have a highly flexible chain with low glass transition temperature 
( T g < -50°C) and high elasticity. Moreover, high molecular weight, such as Mn > 
2000~3000, has to be maintained. 

2) It must possess proper crystallization ability that will support a sharp melting 
behavior. 

3) It is able to form fairly low hydrogen bonding with hard segments. 

4) It should be miscible with nitrate esters. 

Our investigation indicated that prepolymers able to meet the listed require- 
ments are hydroxy-terminated polyesters or polyethers, that is, polyethylene adi- 
pate, hydroxy-terminated polyethers, that is, polyethylene glycol, polytetramethy- 
lene oxide (PTMO), and copolymer of ethylene oxide and THF [P(E/T)]. Their 
properties are given in Table 3. 

According to the data in Table 3, random distributed copolyether P(E/T) is the 
best choice for soft-segment prepolymer. In addition, an ideal TPE with proper 
hard- and soft-segment ratio can be obtained through its reaction with diisocyanate: 


ch 3 


, NCO 


QJ + HO— tCH 2 CH 2 0-)x(CH2CH2CH2CH20)y-H 

to-C-NH- 


NCO 


-► HO— fCH 2 CH20-)7(CH2CH2CH2CH20)y- 


ch 3 

I— NH-E— o*'*'* 
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Table 3 Properties of aliphatic polyesters and polyethers 



Miscibility with 
nitrate ester 

Potential for 
crystallization 
(melting point, °C) 


Polymer 

tr NG /w PL 

Wbttn/Wpl 

O 

0 

E? 

PTMO 

0.46 

0.24 

Strong (28) 

-76 

PEG 

>4.0 

>4.0 

Strong (53) 

-53 

Polyethylene 

adipate 

Copolyether P(T/E) 

>4.0 

>4.0 

Medium (65) 

-40 

70/30 

1.18 

0.64 

Medium 

— 

60/40 

1.64 

0.92 

Weak 

-58 

50/50 

2.26 

1.46 

No 

— 

40/60 

2.74 

1.90 

Strong 

— 


To obtain a high molecular weight TPE, a chain extender has to be used in the 
reaction. Because the cohesion energy for different chain extenders varies, different 
secondary cross-linking extents (caused by hydrogen bonding) will be exhibited 
in the synthesized TPE. When different chain extenders are used, mechanical 
property changes to the final products are evident, as shown in Table 4. 

Results shown in Table 4 indicate the following. 

1) TPEs with ethylene glycol (EDO) as chain extender bring excellent me- 
chanical properties to the products. This is attributed to the existence of more 
hydrogen bonding. Processing temperature is also increased, generally to above 
393 K (measured from differential scanning calorimetry). 

2) In addition to the chain extender, the weight percent of the hard segment in 
the synthesized TPE also plays an important role in determining the mechanical 
properties. The higher the weight percent of the hard segments, the better the ability 
to withstand stress and strain. 

3) The processing transition temperature can be brought down to below 393 K 
by using 1 , 4-butanediol (BDO) as chain extender, while keeping the hard-segment 


Table 4 Chain extender effects on TPE matrix 


Molecular 
weight of 
P(E/T) 

Chain 

extender 1 

Hard 
segment 
content, % 

Tensile 
strength 
Cm, MPa 

Elongation 

£ m , % 

Modulus, 

MPa 

a at 250% 
elongation, 
MPa 

3600 

BDO 

37 

1.3 

>439 

22 


3600 

BDO 

40 

4.97 

692 

30 

1.98 

3600 

BDO 

45 

8.34 

639 

35 

3.96 

1400 

BDO 

40 

0.2 

149 

1.0 

— 

1400 

BDO 

46 

0.2 

370 

1.1 

— 

3600 

EDO 

23 

1.7 

196 

4.1 

— 

3600 

EDO 

35 

6.6 

316 

15.3 

— 

3600 

EDO 

38 

14.7 

>439 

19.3 

— 

3600 

EDO 

43 

20.4 

>439 

22.0 

— 


'BDO: 1, 4-butanediol, EDO: ethylene glycol. 
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content within 40~45%. In this situation, a desirable coincidence of mechanical 
properties and propellant processing temperature was reached. 

4) Molecular weight of P(E/T) exhibits significant effects on the matrix me- 
chanical properties. A sharp drop in ability to withstand stress and strain occurs 
when the molecular weight of P(E/T) is below 1400. 


VI. Microphase Separation Estimation 

Microphase separation is an important physical property for all TPEs. According 
to published work, 6,7 the microphase separation in a TPE is essentially an equilib- 
rium process, in which certain hard segments will be dissolved in the soft segments 
and vice versa. Usually, only the dissolution of the hard-segment phase material 
into the soft-segment phase material is considered because much less soft-segment 
phase is dissolved in the hard-segment phase. As a consequence, the glass transition 
temperature T g changes in accordance with the Gordon-Taylor equation 8 : 

l/T g = W l /T gl + W 2 /T g2 (1) 

where T g \ is 198 K and T g 2 is 390 K as reported in Ref. 9. 

Furthermore, it is known that the formation of hydrogen bonding is the driving 
force of aggregation in the hard-segment phase, where the hydrogen in the — NH— 
group is the donor of the proton and the carbonyl and ether oxygen is the acceptor. 
Usually 95% of -NH- are involved in hydrogen bonding. Of course, hydrogen 
bondings exist between hard and soft segments. As a result, the movements of 
soft segments are restricted. Therefore, T g is affected. This kind of physical cross- 
linking effect should also account for T g changes, which can be estimated with the 
DiBenedetto-Dimarzio equation 10 : 

(T g -T gl )/T gl =k Xc /(i-Xc) (2) 

where k is constant, generally 1.5. 

The combination of Eqs. (1) and (2) gives a quantitative estimation of the per- 
centage of hard segments dissolved into soft segments: 

T g - T g i = 1-05 H-W 

T g i 1-H+0.136HW 1 

By means of DSC measurements of T g variations in the soft segments, the extent of 
hard segments dissolved into soft segments will be estimated using Eq. (3). Results 
are summarized in Table 5. Data in Table 5 indicate that excellent microphase 


Table 5 Percentage of hard segments 
dissolved into soft segments in TPE 


Hard-segment 
content of TPE, % 

AT S ,K 

Dissolved extent 

W, % 

40 

13.8 

6.28 

45 

13.1 

6.01 

48 

13.4 

6.11 

50 

11.8 

5.42 
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Fig. 4 Relationship of specific impulse vs solid content for different plasticizing ratios 
in TPE propellants. 

Table 6 Maximum theoretical specific impulse of TPE propellants 


Plasticizing 

ratio 

NG/TPE 


Composition, % 


Solid 

content, % 

Maximum theoretical 
specific impulse 

TPE 

NG 

AP 

AL 

N -St kg 

s 

0 

13.8 

0 

62.3 

23.9 

86.2 

2591.4 

264.4 

0.5 

13.3 

6.6 

55.2 

24.9 

80.1 

2598.3 

265.1 

1.0 

14.9 

14.9 

48.4 

21.8 

70.2 

2604.1 

265.7 

2.0 

13.3 

26.6 

39.6 

20.5 

60.1 

2617.8 

267.1 

3.0 

12.5 

37.5 

28.4 

21.6 

50.0 

2628.6 

268.2 


Table 7 Composition of nitrate ester plasticized 
TPE propellant 


Formulation 

TPE, % NG, % 

AP, % 

Al, % 

A 

14.9 14.9 

48.4 

21.8 

B 

20.0 10.0 

49.3 

20.7 

Table 8 Mechanical properties of TPE propellant 


20° C 

— 40°C 

Formulation 

o m , MPa s m ,% 

er m , MPa 


A 

0.66 183.3 

9.94 

46.5 

B 

1.14 388.5 

14.80 

30.1 
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separation exists in all of the investigated TPE (containing 40—50% hard segment) 
because the dissolving extent for all of the samples is less than 10%. Therefore, 
as an ideal propellant binder, a polyurethane TPE molecule is selected with the 
following structural features: soft segment consists of P(E/T) [E:T = 50/50] and 
PEG with molecular weights of 3600 and 4000, respectively, and PEG content is 
6%. The hard segment consists of IPDI and BDO, where 40—45% hard-segment 
content is preferred. The overall molecular weights of the synthesized TPEs are in 
the range of 10 5 — 1 .2 x 10 5 . 


VII. TPE Propellant 

Propellant samples were made from this newly synthesized TPE binder. We have 
evaluated these samples for their mechanical processing and combustion proper- 
ties. A conventional absorption-rolling-extrusion process was used to prepare the 
TPE propellant. A special procedure was also adopted for the addition of water 
soluble AP. That is, part of the TPE was dissolved in an assistant solvent (THF) and 
slurry was formed in a mixer with AP. A prerolling was then applied to evaporate 
most of the solvent. Finally, the mixture was put into a rolling machine to combine 
with the dehydrated paste. 

Results of thermodynamic calculations are shown in Fig. 4 and Table 6. The 
maximum theoretical impulse reaches 2628.6 N ■ 5/kg, where the solid content is 
50% and plasticizing ratio NG/TPE equals 3.0. 

Formulations chosen for the evaluation of propellant mechanical and combustion 
behaviors are given in Table 7. The results are listed in Table 8. 

The combustion properties of TPE propellant (formulation A) are as follows: 
at 4, 6, 7, 9, and 11 MPa pressure the burning rate is 11.1, 11.7, 13.7, 14.1, and 
16.0 mm • s _1 , respectively. Measured results reveal that the TPE propellant can- 
didates are promising. Note that an attractive feature is that, without the addition 
of a bum rate catalyst, the bum rate pressure exponent was as low as 0.36, which 
will contribute to easy control in propellant combustion. 


VIII. Conclusions 

1) For flexible chain prepolymers, the high regularity of structural units tends to 
result in high crystallinity. The introduction of secondary structural units into the 
polymer to increase the degree of randomness suppresses the crystallization at low 
temperature. A copolymer formed from ring opening polymerization of ethylene 
oxide and THF is shown to be a random copolymer. When the monomer ratio 
EO/THF approaches 50/50, NEPE propellants with this binder possess excellent 
mechanical properties in a wide temperature range. The elongation at — 40°C, as 
high as 100%, implies the potential of this NEPE propellant to be applied to not 
only strategic, but also tactical missiles. 

2) A new thermoplastic elastomer was successfully synthesized through the 
molecular structure design of the hard and soft segments. By using the copolyether, 
P(E/T), as the soft segment and IPDI as the hard segment and BDO (or EDO) 
as chain extender, the propellant material made with this new polyurethane TPE 
showed good processing temperature (<393 K) and excellent mechanical 
properties. 
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Chapter 1.6 


Effects of Microstructure on 
Explosive Behavior 


Philip M. Howe* 

Los Alamos National Laboratory, Los Alamos, New Mexico 


I. Introduction 

I T is almost axiomatic that the macroscopic behavior of a material is strongly 
dependent on its microstructure. This is especially true for explosives, where 
variations in microstructure have a marked effect on many aspects of reactivity 
that affect safety, handling, and performance. Although the importance of ef- 
fects of microstructure on certain aspects of explosive behavior has been well 
known for many years, a thorough and accurate description of the relationship 
between explosive behavior and microstructure still eludes us. This review is in- 
tended to summarize our current understanding of this relationship and to indicate 
directions for further research. Although the review is intended to focus primar- 
ily on the influence of microstructures on macroscopic behaviors, there are cer- 
tain behaviors in between the microstructural and macrostructural that need to 
be addressed, and these are discussed as well. Further, some attention is given 
to the macroscopic behaviors that are believed to be sensitive to microstructural 
effects. 

Examples of explosive behaviors that are believed to be quite sensitive to mi- 
crostructural effects are shock sensitivity, fragment impact sensitivity, thermal 
(cookoff) response, friction response, and response to low-velocity impact. In this 
chapter, we address each of these in turn, although not at the same level of detail. 
The level of detail will be partly driven by the extent to which researchers have 
explored microstructural effects and partly by the importance of microstructures to 
the explosive behavior. (The role of microstructure in shock initiation behavior has 
been much more thoroughly investigated than the role of microstructure in cookoff 
behavior, for example. Also, the influence of microstructural features on various 
forms of sensitivity is typically much greater than its influence on performance.) 


Copyright © 1999 by the American Institute of Aeronautics and Astronautics, Inc. All rights 
reserved. 
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II. Shock Sensitivity and Microstructural Effects 
A. Nature of Hot Spots 

That microstructure variations are important to impact initiation has been rec- 
ognized since the late 1940s, when Apin and Bobolev 1 published their work on 
the influence of physical structure and of aggregate state on hot spot formation 
and subsequently Bowden and McOnie 2 and Bowden and Yoffe 3 published their 
work on hot spots. The hot spot concept was motivated by the realization that, if 
the impact energy were converted to heat and distributed uniformly throughout the 
impacted sample, the resulting temperature rise would be far too small to cause 
ignition within experimentally observed times. The work of Bowden and others 
demonstrated that hot spots could be formed in impact processes by compression 
of interstitial gas, intergranular friction, and high-velocity flow. 

It was a natural extension to apply the hot spot concept to shock initiation, and 
similar heating processes have been postulated. Thus, it has been proposed that 
hot spots can be formed in shock initiation by compression of interstitial gases, 4 
shock interactions with grains, 2 intergranular friction, 5 spallation, 6 jetting, 1 ,7,8 and 
stagnation. 9 Cheret has classified these mechanisms into three major groups: those 
involving gas compression sources, those involving localized shock interactions 
and consequent hydrodynamic flow, and those involving viscous dissipation and 
mechanical working. 10 This is a useful approach and will be followed here. 


B. Compressive Heating of Occluded Gas 

Experiments designed to assess the importance of compression of interstitial 
gas to hot spot formation have given mixed results. Seay and Seely examined the 
shock response of low-density penta erythrytol tetranitrate (PETN) using wedge 
test configurations. 11 They found that there was no significant difference in the 
shock response of the compacts with interstitial air, argon, and methane and con- 
cluded that the temperature of the included gas had nothing to do with the initiation 
mechanism. They also performed an experiment where the sample was evacuated 
to a pressure of nominally 50 jum of Hg. No change in sensitivity was observed. 
This was in direct contradistinction to the earlier work of Bowden and McOnie, 2 
Bowden and Yoffe, 3 and Bowden and Gurton, 12 who had explored effects of gas 
content on the drop weight impact response of liquid and solid explosives. The dif- 
ference is evidently a result of different timescales of interest. Shock rise times (and 
pore collapse times) are typically of the order of a fraction of a microsecond, and 
heat transfer is unimportant in influencing the temperature of surrounding material, 
for bubbles sizes of interest. In the drop weight impact experiments, timescales 
are significantly longer, often extending over several hundred microseconds, and 
heat transfer can become important. 

Chick conducted experiments using a small-scale gap test and examined the 
effect of pressure and composition of gases on gap sensitivity in low-density 
octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine (HMX) and PETN. 13 The gas 
pressure was varied from atmospheric to a maximum pressure of 1000 psi. He 
found that the shock sensitivity of all of the pressed compacts decreased with in- 
creasing gas pressure. The rate of decrease was faster for gases of greater molecular 
complexity. The desensitizing effect was greater for compacts made with coarse 
particles than those made with fine particles. Chick concluded that the high shock 
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sensitivity of low-density compacts is due to geometrical features at the grain size 
level and that the interstitial gas simply reduced the effect: “The compact is sen- 
sitive in spite of the gas and not because of it.” 13 In this case, the gas apparently 
serves to reduce the rate of cavity collapse. That there was an effect of molecular 
weight of the gas on the rate at which sensitivity changed with gas pressure sug- 
gests that flow of the gas through the porous compacts was part of the collapse 
dynamics. Higher molecular weight materials, with higher viscosities, would be 
expected to offer more resistance to flow through the compact and, thus, would be 
more effective in retarding collapse of pores. This effect has apparently not been 
modeled in the shock initiation literature. 

Chick’s results were obtained using a gap test geometry and were threshold data, 
that is, gap thicknesses were determined for which an explosion would occur 50% 
of the time. 13 Marshall extended this work to measure initiation delay times. 14 
He first determined the shim thickness in the gap test for which the probability of 
detonation was 50% and then conducted a second series, with shim thicknesses 
up to and including the 90% probability point. The difference between the actual 
shock transit time and the time for a detonation wave to transit the sample was 
reported as lost time. This lost time is a measure of the shock acceleration rate and 
is proportional to the times to detonation reported from wedge test experiments. 15 
Marshall’s gap test results 14 showed that the shock sensitivity, as measured by the 
50% point, was a strong function of gas type and pressure and confirmed Chick’s 
results. 13 However, Marshall 14 found that the lost times were independent of gas 
type and pressure. Marshall postulated two contributing processes. One process, 
which he asserted would determine whether the charge would detonate or fail, 
is strongly affected by interstitial gas type and pressure. The second process he 
attributed to the shock acceleration phase that consumes most of the time and 
distance in the transition to detonation. This second process was found to be 
independent of the nature and pressure of interstitial gas. 

Starkenberg conducted experiments and analysis showing that, under certain 
circumstances, compressive heating of occluded gas could be quite important to 
ignition. 16 He was particularly interested in the response of explosive-filled artillery 
shells to gun launch setback forces. Strictly speaking, this is not a shock initiation 
problem, inasmuch as the compression rate is much too slow for shock formation. 
Nonetheless, it is important work and serves as an excellent reminder that explosive 
behaviors can be quite sensitive to the nature of the stimulus and that there is no 
paucity of potential ignition mechanisms. His analysis showed quite clearly that 
there are domains where heat transfer could be very important and domains where 
it was essentially irrelevant to ignition. 

The regime Starkenberg investigated involved times long compared to typi- 
cal shock initiation times. 16 Typical shock initiation experiments using wedge 
test geometry and 100-mm-diam projectiles are limited to times of about 15 /zs. 
Starkenberg’s experiments involved times of multiple milliseconds. Heat transfer 
from hot gas to relatively cool explosive was, thus, a viable mechanism in his 
experiments. (The characteristic time for the cooling of the surface of a sphere is 
given by 


t c = A 2 pC/K 

where A is the cavity radius, C is the heat capacity, K is the thermal conductivity, 
and p is the density. For a l-/xm cavity, t c is of the order of 10 ps for typical 
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explosive properties 17 ). The microstructure surrounding the gas-filled void was 
found to exert a very strong effect. For example, precompression of the explosive 
material near the void greatly lowered the ignition threshold. Frey postulated that 
the as-cast and polished surfaces contained significant amounts of microporos- 
ity that tended to reduce the amount of hot gas available to heat the explosive. 
Precompression eliminated this porosity and rendered the sample more sensitive. 
Apparently, there was sufficient porosity to allow evacuation of the gas in the 
bubble on the timescale of the compression process, thus, preventing the occluded 
gas from reaching maximum pressure (and temperature). If this were not the case, 
the availability of the additional surface area in the as-cast and polished samples 
would be sensitizing. The result should be quite sensitive to cavity size. Larger 
cavities should eliminate the effect, and smaller ones should exacerbate it. 


C. Localized Shock Interactions and Hydrodynamic Flow 

The members of this group of mechanisms depend strongly on the nature of local 
shock interactions and consequent flow, somewhat independent of the nature of the 
material in the void or of its size. Mader 18-20 and Mader and Kershner 21 pioneered 
the numerical modeling of this type of hot spot mechanism, treating the material 
surrounding the void as an inviscid liquid. It was applied first to liquid explosives 
containing bubbles and high-density inclusions and later to porous solid explosives 
assumed to obey an elastic-plastic constitutive behavior. Both shock focusing and 
pore collapse processes were found to be important. In the modeling, it was found 
that hot spots originate from the very strongly asymmetric pore collapse process 
and from further energy focusing as the result of microshock interactions with each 
other. Many of the mechanisms associated by earlier authors with pore collapse 
were observed in Mader’s numerical results. 1,5,7-9,22 

Dear and Field, 23,24 Dear et al., 25 and Bourne and Field 26,27 have conducted 
experiments that provide considerable support for the hydrodynamic hot spot 
model. In their experiments, they cut arrays of cavities into moderately thin layers 
of gels. 23-27 These perforated gel layers were placed between transparent win- 
dows, thus, providing a quasi-two-dimensional array of cavities. Shock loading 
was introduced into the gel layer either by impact or from a plane wave gener- 
ator. High-speed photography was used to monitor cavity motion and deforma- 
tion and shock interactions. Clear evidence of shock interactions and asymmetric 
bubble collapse with associated jet formation was obtained. Indeed, much of the 
phenomenology described by Mader was directly observed in these experiments. 
Field has summarized this work and studies of some of the other mechanisms 
in a review paper. 28 Khasainov et al. have pointed out that Mader’s calculations 
did not include effects of viscosity and are, therefore, appropriate only for con- 
ditions of high Reynolds number flow in regions with sufficiently small velocity 
gradients. 29 They also make the point that, because of the size of the cavities in 
the experiments of Refs. 23-27 and because of the materials used, the flow in 
their experiments is in the high Reynolds number domain. Using similar reason- 
ing, Zababakhin and Nechaev noted that void collapse processes could be divided 
into two regimes, depending on Reynolds number. 30 At high Reynolds number, 
the viscosity of the surrounding material does not affect void collapse; the pores 
collapse quickly to essentially zero volume, with a consequent pressure overshoot; 
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and the process is essentially hydrodynamic. At low Reynolds number, the void 
never collapses fully, there is no significant overshoot, and viscous heating effects 
dominate. 


D. Viscoplastic Flow 

Jacobs et al. suggested that hot spots were formed as the result of shock-induced 
micro-shear or micro-fracture at or near voids as the shock passed over them . 31 
Eyring et al. proposed that reaction would be initiated at points of contacts between 
crystals where hot spots were formed as a result of intergranular friction during the 
compression by the shock wave . 32 Carroll and Holt developed a one-dimensional 
viscoplastic pore collapse model, for hot spot formation, based on a spherical 
shell . 33 They obtained a dynamic compaction equation with inertial effects. The 
porosity and the average pore size of the real material were approximated by the 
porosity and the initial inner radius of the model sphere. Solution of the resulting 
differential equations provided a description of the kinetic energy, plastic work, 
and shock structure. The viscosity coefficient and the yield strength were assumed 
to be temperature independent to facilitate analysis. This model has served as the 
basis for many modeling efforts. Thus, Carroll et al. extended this work to include 
temperature effects explicitly . 34 Frey modified this model to conduct a sensitivity 
analysis of the relative importance of inviscid plastic work, viscoplastic work, 
gas phase heating, and solid phase compression . 17 Frey found that each of the 
mechanisms considered could dominate under certain conditions. He also showed 
that, if viscous heating was included, the hot spot temperature was not limited to 
the melting temperature of the solid explosive. He included a viscosity that was 
dependent on both temperature and pressure. Many of the concepts discussed by 
Frey were pursued independently by Khasainov et al . 35-37 and were extended by 
many others . 38-44 

The Carroll and Holt model 33 and the models based on it describe a process 
involving one-dimensional spherical void collapse. This is a severe idealization. 
Other factors, such as nonaxisymmetric collapse, particle (or void) geometry, void 
size distribution, and rearrangement of particles during the shock compaction 
process are likely to play significant roles. Nonetheless, the viscoplastic hot spot 
model has had considerable success in explaining trends in shock initiation. Conley 
has conducted a careful study of spherical and cylindrical void collapse and has 
considered the relative importance of plastic work, viscous heating, compressive 
heating of the gas, heat transfer, and bulk compression.* 

It is interesting that, in nearly all of the papers discussed so far, the emphasis has 
been on pore collapse rather than on particle deformation (necessary to effect a pore 
collapse). This is presumably a result simply of historical precedent, stemming 
from Bowden’s work demonstrating the effectiveness of bubbles serving as hot 
spots in nitroglycerine and other liquid explosives. An alternative approach would 
be to focus on the grains in granular flows or compacts. This approach has been 
taken by the shock compaction community, who have been interested in forming 
a wide variety of materials with improved properties, using a variety of dynamic 


*Conley, P., University of California, San Diego, private communication, May 1998. 
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compaction processes. A major benefit of these shock compaction approaches 
as a processing technique is that the heating can be localized to the periphery 
of the grains, allowing sintering without loss of properties due to bulk heating. 
Materials of interest include diamond compacts, 45 metals 46,47 intermetallics 48 
ceramics, 49 fiber-reinforced composites, 50 and materials doped with organics. 51 
Indeed, the range of materials is so broad that the material behaviors encompass 
most of the (inert) material behaviors of explosives. Thus, these results can be 
used to shed light on the mechanisms of hot spot formation relevant to explosive 
behaviors. 

The earliest theories of shock compaction assume that shock compression causes 
particle surfaces to be heated and melted, provided that sufficiently strong shock 
loading is delivered. Some time after shock passage, the melt region cools and 
solidifies, providing bonding between particles. All of the models assume that the 
shock-induced thermal energy can be deposited in a surface layer. For example, 
Belyakov et al. assumed that the net shock energy was deposited at particle inter- 
faces as a uniform, constant flux during the rise time of the shock. 52 This hypothesis 
was also advanced by Raybould 53 and by Goudin. 54,55 Kondo and Sawai proposed 
a model in which the shock thermal energy is deposited into a skin surrounding 
each particle. 56 A comparison of these models was provided by Nesterenko and 
Muzykantov. 57 Schwartz et al. also proposed a similar model. 58 In each of these 
models, the thickness of the heated layer is a function of the material properties, 
the porosity, and the shock strength. 

There is considerable experimental evidence that, for weak shock inputs, the 
principal heating is in a surface layer. 59 ' 60 In each of the early models, however, 
the thickness of the hot layer is assumed. An unanswered question is how this 
thickness quantitatively depends on material properties, microstructure, and shock 
strength. Schwartz et al. 58 noted that optical micrographs of polished and etched 
iron-based powder compacts showed that increasing shock pressures caused the 
original grain boundaries to become less distinct and also caused a reduction in 
density of internal fractures. They concluded that the increase in shock pressure 
caused an increase in the mass fraction of material heated to a temperature. This 
conclusion has been confirmed computationally by Conley et al. 61 Conley et al. 
did not examine a wide range of constitutive behavior, however, and it is unknown 
how general the conclusion is, or how sensitive it is to the nature of the constitutive 
behavior. 

The experimental evidence suggests that, whereas the skin models provide a 
useful first approximation for some conditions, the actual situation is considerably 
more complex. Matsumoto et al. 62 and Matsumoto and Kondo 63 have performed 
experiments that allowed them to identify three major mechanisms involved in 
shock compaction of powders. Because shock compaction relies on localized heat- 
ing for interparticle bond formation, these same mechanisms should be important 
in hot spot formation in explosives. The three mechanisms identified by Matsumoto 
et al. 62 and Matsumoto and Kondo 63 are 1) dynamic friction between particles, 
2) plastic deformation about voids, and 3) generation and trapping of molten jet 
material. Matsumoto et al. 62 used equiatomic Ni Ti alloy powders for their exper- 
iments. The powder particles were generally spherical with particle sizes ranging 
from about 50 to 200 /xm. Some experiments were performed with somewhat 
smaller particle size ranges. The samples were compacted quasi-statically to a 
density of about 70% of maximum theoretical density and then shock loaded with 
a flying plate launched from a powder gun. 
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Fig. la Compaction geometry of spherical Ti alloy particles at low shock strengths; 
negligible interparticle motion has occurred, and negligible frictional heating has oc- 
curred. (Reprinted from Ref. 68, p. 44, courtesy of Marcel Dekker.) 

Although all three mechanisms were apparent in micrographs of Refs. 62 and 
63 for experiments conducted at a single impact velocity, review of the literature 
indicates that the importance of each mechanism is a function of shock and material 
strength. Here, the trends are shown qualitatively in Figs. 1 a-lf. Thus, at low shock 
strengths and for strong materials, localized deformation and mutual indentation 
are most important. As the ratio of shock strength to material strength is increased, 
localized shear deformations and viscous heating at particle interfaces become 



Fig. lb Frictional heating and localized shear flow; note evidence of interparticle 
bonding. (Reprinted from Ref. 70, p. 297, courtesy of Marcel Dekker.) 
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Fig. lc Photomicrograph of shock compacted Ti3Al showing surface melting of par- 
ticles. (Reprinted from Ref. 75, p. 497, with permission of the author.) 


important. At higher values of the ratio of shock strength to material strength, 
plastic deformation becomes more important, although heating is still greatest 
near the surface of the grains. At even higher ratios of shock strength to material 
strength, plastic deformation dominates, and a characteristic fish scale appearance 
to the microstructure occurs. At very high ratios of shock strength to dynamic 
material strength, significant rotational flow occurs. (The word strength is used 
rather loosely here. This author believes that the nature of the yield surface will have 
a strong influence on the relative importance of each mechanism at any particular 



Fig. Id Microphotograph of a cross section of shock compacted low carbon steel 
wires. The white, thin layer surrounding particles have melted; shock propagation 
direction from upper right to lower left. (Reprinted from Ref. 68, p. 7554, O 1991, 
courtesy of the American Institute of Physics.) 
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Fig. le Fish scale appearance of shock compacted Pb 4 ; arrow indicates direction of 
shock propagation. (Reprinted from Ref. 71, p. 297, courtesy of Marcel Dekker.) 



Fig. If Rotational flow in shock compacted Ai-Si alloy: Melting has occurred in the 
regions of highest vorticity; shock propagation direction is from upper right to lower 
left. (Reprinted from Ref. 72, p. 116, courtesy of Marcel Dekker.) 
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input shock strength. Yield surface influences will be especially important in mak- 
ing material-to-material comparisons.) These trends do not seem to have been 
codified in the literature. Nesterenko has broached the topic with his “microki- 
netic energy” construct, 64 Benson and Nellis have shown the trend of increasing 
rotational flow with increasing impact velocity (shock strength) for shocked porous 
copper, 46 and Benson et al. have addressed some of the issues. 65 The deformation 
behavior and the consequent local heating changes quite dramatically as shock 
strength is increased relative to material strength. The photomicrographs are from 
various sources. 66-71 Unfortunately, the micrographs are not all of the same ma- 
terial. However, numerical predictions of a major part of the sequence are given 
by Benson et al. 65 

In Fig. 1 a, the shock loading was insufficiently strong to cause compaction to full 
density. There is no evidence of particle-particle relative motion and no evidence 
of melting resulting from either interparticle friction or from localized flow. Note 
that the contours of the indentations on the particles visible in the picture form a 
sphere that presumably fits the contour of a large particle no longer present. This 
supports the idea that the smaller particles tend to undergo greater deformation 
than the larger ones. 

Figure lb shows the same material under conditions that provide some degree 
of material bonding. For this material and these conditions, there is no evidence of 
one particle sliding past another (note the symmetry of the bond areas). Evidently, 
the high temperatures that led to melting and interparticle bonding resulted from 
very localized deformation and flow at the contact surface. This behavior is dis- 
cussed and modeled by Ahrens et al. 72 Frey has shown that, in such viscous flows, 
temperatures can greatly exceed the melting point of the material. 73 This type of 
flow, then, provides a viable mechanism for hot spot formation in explosives. 

Evidence of widespread melting to form a surface layer and of significant flow 
leading to formation of a solid compact is shown in Fig. lc, where the spherical 
symmetry is still retained, at least for the particle interior regions where melting 
did not occur. Figure Id shows more stringent conditions, where melting at the 
interfaces is still very clear, although the particles have been plastically deformed 
to the point where their original geometry is almost entirely lost. 

Progressively more severe deformations are shown in Fig. le and If. In Fig. le, 
most of the particle interfaces are still very clearly delineated. (The samples were 
polished and etched, prior to being photographed. The etch marks indicate melting 
has occurred in a thin layer at the interfaces.) However, there are instances where 
particles have appeared to fuse together with loss of interface sensitivity to the 
etchant. 

Figure If shows a microstructure where shock compaction has caused significant 
local deformation to occur as part of the flow pattern. Because melting occurred 
in regions of highest flow, no flow lines are present to define the rotation in these 
regions. However, the envelope is characteristic of the incipient vortex formation. 
Careful examination of this photograph allows identification of several other re- 
gions of less severe shear deformation, as well as delineation of particle boundaries. 
Benson et al. have performed numerical calculations of these phenomena. 65 

The models just discussed are appropriate first-order theories for the situations 
where the principal heating occurs as a result of viscous work confined to a layer 
that is thin relative to the particle diameter. The other two mechanisms require 
significant contributions of bulk heating. Nesterenko, 64 Ferreira and Meyers, 74 
and Potter and Ahrens 75,76 have developed models that address the plastic work 
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contributions. Nesterenko 64 has modified the single pore shell model of Carroll 
and Holt 33 by introducing a nondeformable central core. The presence of the core 
prevents complete axisymmetric collapse of the outer shell and separates the dis- 
sipation process into two states: a pore collapse and postcollapse flow. Nesterenko 
associates the first phase with quasi-static processes and the second phase with 
purely dynamic processes and notes that the quasi-static compaction does not lead 
to interparticle bonding, even at high pressures . 64 He also introduced the concept 
of microkinetic energy, which he defines as the localized energy dissipated by the 
viscoplastic flow of the material after the pore collapse. The criterion separating 
the two stages is based on the ratio of the minimum plastic work necessary for the 
collapse of the spherical pore to the total internal shock energy. Low values of this 
ratio imply a large microkinetic energy and consequent dynamic behavior. Low 
values of this ratio also lead to qualitatively different behaviors from those observed 
when interparticle frictional heating is the only controlling mechanism. Thus, as 
the ratio decreases, the microstructure shifts from one where the grains retain much 
of their original geometry, to a regime where there is significant plastic flow and 
the grain boundaries form a fish scale appearance, to a regime where significant 
vorticity appears. Benson et al. have conducted a rather thorough two-dimensional 
numerical analysis of these behaviors . 65 

Williamson et al ., 77 Williamson , 78 and Williamson et al ., 79 using finite differ- 
ence techniques, have also modeled shock compaction processes and have noted 
(as had Nesterenko earlier 80 ) that, in bimodal mixtures of particles, the smaller 
particles typically suffer the largest amount of deformation and, thus, get heated 
to the highest temperatures. Because most explosives have bimodal or multimodal 
particle size distributions to maximize solids loading, this conclusion should be of 
considerable importance in initiation modeling. Models to date have not explicitly 
considered this. 

So far, we have discussed only hot spot formation. Additional mechanisms need 
be included to describe the evolution of reaction after hot spot formation. The first 
indications of the importance of microstructure to postignition behavior in explo- 
sives came from studies of critical detonation diameters (the critical detonation 
diameter is the smallest diameter of an unconfined explosive cylindrical charge 
that will support a steady-state detonation wave). It was found that explosive par- 
ticle sizes had a strong effect on the critical diameter, and various grain burning 
mechanisms were proposed . 3 ' 32 

The grain burning mechanisms have been quite effective in explaining critical 
diameter effects. For a recent analysis of grain burning and surface area effects on 
shock initiation and detonation wave propagation, see Khasainov et al . 37 They have 
been less successful in describing shock initiation behaviors, although the concept 
is well established and forms the basis for numerous shock initiation models . 81-83 

Because of the difficulties in direct observation of hot spot formation and the 
subsequent reaction evolution, most of the models rely on correlations with trends 
in macroscopic initiation data for validation. The two major trends that have been 
examined are tied to effects of porosity and effects of particle size. 


E. Effect of Porosity Upon Shock Sensitivity 

Porosity is a macroscopic quantity, yet it is coupled to the pore size distribu- 
tion through the particle size distribution and the intrinsic intraparticle pore size 
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distribution. That is, given a particle size distribution containing a distribution of 
internal pores, specification of porosity determines the overall pore size distribu- 
tion. Numerous studies over the years have shown that the presence of porosity in 
an explosive sensitizes it to shock loading. Nearly all of these studies have involved 
long-duration step shocks. 

Introduction of porosity has two effects. One effect is to introduce an additional 
amplification/focusing mechanism not present in the absence of any porosity. This 
is consistent with the idea that hot spots are formed by local high-temperature 
excursions, and that the local high temperature is related to the input internal 
energy through whatever amplification or focusing mechanisms are involved in the 
hot spot formation process. This can be a large and important effect. The second 
effect is to change the shock Hugoniot for the material and greatly reduce the shock 
pressure corresponding to a given internal energy state. This can also be a large and 
important effect. A recent analysis of literature data has demonstrated that most 
of the effect is not due to changes in the microstructure, but rather to changes in 
the bulk properties, that is, Hugoniot effects that change the relationships between 
various state variables. 84 

Pores can occur in the binder material (if present), at the binder-explosive crys- 
tal interface, and within the explosive crystals themselves. Few systematic studies 
have been conducted to quantify the relative importance of each type of void. 
Topically, when explosives are manufactured, considerable effort is made to con- 
trol the presence of voids external to the explosive crystals, that is, intergranular 
voids. However, intragranular voids typically are not well controlled. In military 
explosives, the emphasis is usually placed on elimination of as much porosity as 
possible, to reduce sensitivity. In commercial explosives, especially the relatively 
insensitive nonideal explosives, considerable effort is expended to provide a poros- 
ity and pore size distribution that yields sensitivity and performance characteristics 
tailored for specific applications. 

Borne has conducted studies of the effects of explosive microstructure, particu- 
larly intragranular voidage, on shock sensitivity of HMX formulations. In a series 
of studies, he examined effects of morphology, surface properties, and presence 
and concentration of intragranular voids. 85-8 ' Of the parameters examined, intra- 
granular porosity showed the strongest effect. No control was exercised over the 
size of the internal voids. Other parameters of the experiments were carefully con- 
trolled. Materials with narrow, monomodal particle size distributions and with very 
small density variations (less than 0.5%) were used. Formulations were prepared 
using 70% by weight solids loading and a wax as a binder. Flat-ended projectile 
impact experiments and plane wave step shock experiments were conducted. Three 
porosities were addressed, ranging from 0. 1 % intragranular void content to 0.45% 
intragranular void content. 

There is some ambiguity in regard to the amount of the extragranular porosity 
present and its relative importance in his studies. 85-87 The statement is made that 
a formulation density close to the theoretical maximum is achieved (>99.5%) and 
that the formulations were essentially free of extragranular voids. However, actual 
values were not presented. Nonetheless, a clear and unambiguous trend in shock 
sensitivity with intragranular porosity was observed. Not surprisingly, the formu- 
lation with the highest internal void content was found to be the most sensitive. 
The total porosity of the materials examined in these studies was very small and 
would have a negligible effect on the shock Hugoniots except, perhaps, at very 
low shock strengths. Hence, the voids are affecting sensitivity primarily through 
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hot spot formation and reactivity, rather than through changes in the equation of 
state of the material. 

Similar studies on hexa-hydro-l,3,5-trinitro-l,3,5-triazine (RDX) were report- 
ed by Baillou et al. 88 They found a correlation between shock sensitivity and the 
magnitude of the intragranular porosity. They found that the chemical nature of the 
impurities contained within the intragranular pores exerted only a second-order 
effect. This suggests that the temperature amplification mechanisms associated 
with hot spot formation through pore collapse overwhelm any chemical effect 
associated with the impurities. (Note that Ref. 88, in common with many others, 
has a major weakness in that the sensitivity data are reported in a log pressure vs log 
distance to detonation plane, without error bars. The combination of use of log-log 
plots and absence of error bars makes the analysis of the data very susceptible to 
misinterpretation.) 

During manufacture, considerable effort is often expended to eliminate porosity 
in plastic-bonded explosives. Skidmore et al. have shown that a common process 
used to press an HMX-based plastic bonded explosive (PBX 9501) can introduce 
considerable fracture to the HMX crystals. 89 They found that, as porosity is de- 
creased, the first step in quasistatic compaction was elimination of large voids 
by deformation of prills. Little fracture of the HMX crystals occurred under these 
conditions. The little amount of fracture that did occur was a result of severe defor- 
mation of individual prills. However, fracture was not really extensive except for 
the sample with the lowest porosity (0.6%). In this case, nearly all large HMX crys- 
tals were fractured. Several representative photomicrographs are shown in Fig. 2. 

Both fracture and porosity might be expected to play a role in establishing shock 
sensitivity. Whereas elimination of porosity will reduce the explosive shock sensi- 
tivity, crystal fracture would be expected to sensitize, if it were to have any effect at 
all. Because, typically, removal of the intragranular porosity requires fracturing the 
crystals, desired changes in sensitivity might not be realized. This would depend 
on whether or not each fractured crystal behaves as one or as several during the 



Fig. 2a PBX 9501 pressed to 0.6% porosity. (Photomicrograph courtesy of Cary A. 
Skidmore and David Phillips, Los Alamos National Lab.) 
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Fig. 2b PBX 9501 pressed to 1.0% porosity. (Photomicrograph courtesy of Cary A. 
Skidmore and David Phillips, Los Alamos National Lab.) 


initiation process. Data for both PBX 9501 and PBX 9404 [a plastic bonded ex- 
plosive composed of 94-wt% HMX, 3-wt% nitrocellulose, and 3-wt% tris (P~ 
chloroethyl) phosphate] were examined. 84 The acceleration histories were not af- 
fected by porosity, within the precision of the data. As shown in Fig. 3, the threshold 
material velocity for initiation dropped significantly with the introduction of a small 
amount of porosity and then became independent of porosity for larger porosities. 

The pedigree of the samples whose data are shown in Fig. 3 is unknown. If 
these samples were pressed using HMX with significant amounts of intragranular 
porosity, the lowest porosity samples would quite likely contain significant fracture 



Fig. 2c PBX 9501 pressed to 7.0% porosity. (Photomicrograph courtesy of Cary A. 
Skidmore and David Phillips, Los Alamos National Lab.) 
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Fig. 2d PBX 9501 pressed to 11.0% porosity. (Photomicrograph courtesy of Cary A. 
Skidmore and David Phillips, Los Alamos National Lab.) 


damage. In this case, one could conclude that any effect of fracture introduced by 
elimination of porosity is overwhelmed by the effect of the reduction in porosity. 
There is a small chance, however, that the lowest porosity samples were prepared 
from lots of HMX with very small amounts of intragranular porosity. This makes 
the conclusion somewhat suspect. 

Porosity should have an effect on the sensitivity of explosives to short-duration 
shocks and to ramp waves, where the thickness of the shock in the former and the 
thickness of the shock front in the latter are commensurate with or smaller than 



Fig. 2e PBK 9501 pressed to 21% porosity. (Photomicrograph courtesy of Cary A. 
Skidmore and David Phillips, Los Alamos National Lab.) 
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Chapter 1.7 


Advances in Solid Propellant Formulations 

May L. Chan,* Russ Reed Jr.,* and David A. Ciaramitarot 
Naval Air Warfare Center, China Lake, California 


Nomenclature 

F = thrust, N 

g = gravity constant, 9.806 m/s 2 

H c = enthalpy in the chamber, J/kg 

// ex it = enthalpy at the nozzle exit, J/kg 

/ sp = specific impulse, lbf-s/lbm or s 

mi ot = mass flow rate, kg/s 

P c = chamber pressure, Pa 

/exit = exit pressure. Pa 

R = gas constant, J/g-mol/K 

T c = adiabatic chamber temperature, K 

“exit = propellant jet speed at the nozzle exit, m/s 

y = ratio of the specific heats, C p /C v 

AH = change in enthalpy during the expansion process, J/kg 

A Hf = heat of formation, cal/g 

p = density, g/cm 3 

I. Introduction 

O VER the years, high performance, insensitive munitions, and pollution pre- 
vention issues in relation to solid rocket propellants have grown in impor- 
tance. The authors describe the rationale that was used in the selection of pro- 
pellant formulation ingredients to maximize I sp and to meet insensitive munitions 
and pollution prevention goals. Experimental results for these efforts are provided 
along with a discussion of some of the most pertinent aspects related to these 
topics. 


This material is declared a work of the U.S. Government and is not subject to copyright protection 
in the United States. 
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A. Background — High Performance 

The fundamental merit of performance for a propellant is the / sp . / sp can be 
interpreted as the thrust delivered per unit weight flow of propellant, or, more 
important, to the propellant chemist, the enthalpy release converted into kinetic 
energy of the exhaust jet. Application of the energy balance, assuming adiabatic 
conditions, results in the relationship given by Eq. ( 1 ). / sp simply is the jet velocity 
divided by the gravity constant as seen in Eq. (2): 

Hex i, = [2 (He - //ex,.)] 5 = (-2A H)l (1) 

/sp = H e xit/ S (2) 

If it is further assumed that the expansion process from the chamber to the nozzle 
exit is isentropic as well as adiabatic, then Eq. (3) is the result. Equation (3) shows 
two items of interest: the specific impulse is proportional to the square root of the 
adiabatic chamber temperature T c and inversely proportional to the square root 
of the molecular weight (MW), Thus, it is evident that propellant formulations 
having high adiabatic combustion temperatures and low molecular weights are 
highly desirable: 

/sp = l/.?{2 • y /(y ~ D- R • r c /MW[l - (P^/Pc) YliY ~ l) })' 1 (3) 

Because the / sp also is sensitive to the pressure ratio (Pexh/Pc), comparison of / sp 
values must be made at standard conditions that are defined as optimum expansion 
from 1000 psia (6.895 MPa) to 14.7 psia (0.1 MPa). Under fixed pressure ratio 
conditions, the / sp is invariant for any propellant system and is the basic chemical 
comparison parameter used in evaluations. 

One of the primary ways of improving the / sp of propellant compositions is by 
increasing the enthalpy release and lowering the average molecular weight of the 
exhaust gases to attain more working fluid. 

B. Background — Insensitive Munitions 

Propulsion systems in operational missiles can produce catastrophic responses 
when subjected to the thermal and ballistic impact hazards that are present in 
shipping, handling, storage, and operational environments. Therefore, to reduce the 
threat to personnel and to minimize the consequences of these adverse responses, 
the United States military services have established a requirement that operational 
missiles exhibit no greater than a burning reaction when subjected to the hazardous 
environments defined by MIL-STD-2105B (Ref. 7). For the past 15 years, the 
military services have made great progress in research conducted to improve the 
safety properties of weapons. Through the efforts of the Insensitive Munitions (IM) 
Program, many of these safety improvements will be applied to various weapon 
systems in the future. 

Systems that yield high performance and that incorporate highly energetic 
compounds typically release energy easily. For example, tactical rocket motors 
loaded with propellants that contain ammonium perchlorate (AP) and polybuta- 
diene binders can undergo violent reactions on heating, impact, or shock. Thus, 
these motors have failed from one to as many as four of the required IM tests. 
Accordingly, the technical challenge is to develop insensitive propellant formula- 
tions that will meet the IM requirements and, at the same time, retain or exceed the 
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performance characteristics of conventional hydroxyl-terminated polybutadiene 
(HTPB)/AP propellants. 

This chapter describes the development of a hydroxyl-terminated polyether 
(HTPE) propellant that passes all IM tests. In addition, a version of hexanitro- 
hexaazaisowurtzitane (CL-20) propellant that is substantially less shock sensitive 
than the current Class 1.1 minimum-signature propellant is discussed. 


C. Background — Pollution Prevention 

Historically, demilitarization of rocket motor grains has been accomplished by 
open buming/open denotation (OB/OD). Although the material values of the items 
destroyed by this method were lost, this technique had the virtues of simplicity and 
a minimal expenditure of time, effort, and capital. However, with the enactment 
of the Clean Air Act, increasing attention to the environmental hazards of OB/OD 
has created a climate of steadily rising costs and restricted use of this technique. 
(A comprehensive review of the Code of Federal Regulations relating to the man- 
ufacturing, shipping, and disposal of energetic materials is contained in Ref. 8.) 
A logical extrapolation of the increasingly strict environmental regulations indi- 
cates that, at some time in the future, OB/OD will be judged an environmentally 
unacceptable practice and will be banned, 

In generating alternative methods for the demilitarization of rocket motors, de- 
signers must consider the high energy content of formulations and their sensitivity 
to shock, friction, and impact. The grain must be removed from the case and 
decomposed in a way that does not create a hazard or cause damage to the envi- 
ronment, the required equipment, or personnel. Generally, complying with these 
precautions requires a process that is excessively time consuming and hazardous 
for use in the demilitarization of large numbers of rocket motors on a routine basis. 
To date, most of the development efforts have been devoted to methods that involve 
cutting the propellant out of the case with high-pressure jets of water, solvents, or 
cryogenic liquids and caustic solutions. 9, 10 Then, the fragments are carefully mac- 
erated (typically, by slow grinding or kneading under the liquid), and the soluble 
materials are leached from the finely divided fragments of binder. 

This problem is caused by binders composed of cross-linked rubbers. These 
binders, typically hydrocarbon chains cured with diisocyanates that form ure- 
thane linkages, form a matrix that is impervious to penetration, dissolution, or 
decomposition by most solvents, especially water. Thus, even though the cutting- 
macerating-leaching method removes much of the water-soluble oxidizers, such 
as AP or ammonium nitrate (AN), and some of the organic-soluble energetic ma- 
terials, such as cyclotetramethylene tetranitramine (HMX), this process fails to 
completely remove these materials. In addition, insoluble fuels, such as aluminum 
(Al), will still be coated by the binder. The binder left, though reduced in weight and 
volume, remains a hazardous waste and still represents a disposal problem. This 
method is labor and capital intensive. Moreover, without a viable recycling plan, 
large quantities of contaminated water or solvent are generated during the process. 
Therefore, viable alternative methods that provide for the recovery, recycling, and 
easy removal of energetic components are of primary interest. 

Efforts are being made with newly developed propellants to incorporate a hy- 
drolyzable binder that dissolves in dilute acid or base but not in water. This binder 
allows the recovery of the other propellant ingredients for reuse. 



188 


M. L. CHAN ET AL. 


II. Experimental Results and Discussion 

Increases in performance beyond the current state of the art have been diffi- 
cult to achieve because of the resulting increases in cost and hazards. Generally, 
past increases have been attained by the addition of more energetic ingredients 
such as AP or Al, additives that gave acceptable increase in hazardous properties. 
Nitramines (e.g., HMX, CL-20), as well as energetic plasticizers, have provided 
gains in propellant energy, but these additives increase the sensitivity of the compo- 
sitions along with their performance. However, energetic polymeric binders such 
as bis(azidomethyl)oxetane and nitratomethyl methyl oxetane (BAMO/NMMO) 
copolymers may yield enhanced performance-sensitivity relationships because a 
portion of the energetic groups is contained in a soft rubbery matrix that acts as a 
desensitizer. Another promising ingredient is ammonium dinitramide (ADN), an 
oxidizer that increases performance when used to replace AP. These new ingredi- 
ents have stimulated work in high-performance propellants. 


A. High Performance 

Enthalpy release and working fluid are maximized when propellant composi- 
tions of fuel and oxidizer contain light elements such as hydrogen (H), beryl- 
lium (Be), boron (B), carbon (C), nitrogen (N), oxygen (O), and fluorine (F). 
Fuel/oxidizer properties largely determine the energetic, sensitivity, ballistic, and 
processing properties of most classes of propellants. In the past, a number of in- 
gredients that increase performance suffered from instability problems as well as 
incompatibility with binders. Still others, especially oxidizers, were hygroscopic 
and became strongly acidic on absorbing moisture. In addition, many compounds 
were hazardous because of their extreme sensitivity. 

The first oxidizer used in composite propellants was potassium perchlorate 
(KP). KP is stable, compatible, and relatively insensitive but contributes little 
energy. Thus, it was soon replaced by AP, which is more energetic and is now the 
most commonly used oxidizer in composite propellants. This chapter, therefore, 
compares other oxidizers to AP. 

An oxidizer’s energy contribution is determined by the heat and gas volume that 
is produced by the oxidation of binders of metallic fuels. In general, the potential 
for enthalpy release increases as O content increases but decreases as negative heat 
of formation increases. For example, AN has a high O content, but its enthalpy 
release is relatively low as a result of its comparatively high negative heat of 
formation. Hydrazinium nitrate (HN) has a gas yield equivalent to AN but with a 
lower O content. Yet, HN is much more energetic because its heat of formation is 
less negative than that of AN. 

Because AP evolves hydrogen chloride (HC1), which acts to increase average 
molecular weight, and because AP has a relatively high (—602 cal/g) negative heat 
of formation, it is only moderately energetic. Thus, in the 1960s there was an effort 
to enhance propellant performance by incorporating more energetic oxidizers with 
an O content similar to that of AP but with a lower negative heat of formation. 
Energetic oxidizers were investigated, including those containing a hydrazinium 
moiety like HN, hydrazinium monoperchlorate (HP), and hydrazinium diperchlo- 
rate (HP2). Hydroxylammonium perchlorate (HAP) was also studied because of 
its high O content. These oxidizers exhibited lower heats of formation than AP 
but produced energetic propellants that were detonable in addition to being fric- 
tion and impact sensitive. HAP, HP, and HN were all quite hygroscopic, while 
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Table 1 Properties of oxidizers 


Oxidizer 

Oxygen content, 
wt % 

Density, 

g/cm 3 

A Hf, 
cal/g 

ADN 

51.6 

1.80 

-298 

FDNEN 

54.1 

1.93 

-355 

HNF 

52.5 

1.87 

-94 

AN 

59.6 

1.73 

-1090 

HN 

50.5 

1.65 

-531 

AP 

54.5 

1.95 

-602 

HP2 

55.1 

2.21 

-296 

HAP 

59.70 

2.12 

-497 


HP2 slowly lost perchlorate acid and was marginally compatible with binders in 
extended tests. In addition, many had undesirable combustion characteristics. 

The successful synthesis of new oxidizers and binders 11 has led to the cre- 
ation of oxidizers such as CL-20 (Ref. 12) and ADN 13 ” 15 and binders such as the 
BAMO/NMMO (70/30) copolymer, also known as BN-7 (Ref. 16), for advanced 
propellant applications. All of these ingredients show very desirable character- 
istics. Hydrazinium nitroformate (HNF) was evaluated in the United States and 
later in The Netherlands. 1718 HNF is incompatible with some binder curatives. 
Furthermore, ADN as a propellant additive was investigated by Russian scientists 
in the early to mid 1970s. However, information was not released to the public 
until the presentation of Pak’s work 19 in 1993. 

The performance of the most significant oxidizers is compared in Table 1 and 
Fig. 1 . The oxidizers are measured by their contribution to / sp , which is determined 
by such factors as O content and heat of formation (Table 1) and their contribution 
to working fluids (Fig. 2). A product of density (p n ) and I sp is a figure of merit for 
the total impulse of volume-limited systems (i.e., small rocket motors), and this 
p n I sp is influenced by the density of the oxidizer (Table 1). 

The O content and the heat of formation of the oxidizer essentially determine the 
propellant composition’s enthalpy release. Of those oxidizers compared in Fig. 1, 



Fig. 1 Specific impulse of propellants containing BN-7/BTTN, Al, and various oxi- 
dizers. 



190 


M. L. CHAN ET AL. 





MOLES OF GAS/100 g OF PROPELLANT 
Fig. 2 Yields of working fluid based on a monopropellant. 


HP2 and HNF are superior to ADN in O content. However, as seen in Table 1 , only 
HNF is greatly superior in heat of formation. Thus, the calculated values of 7 sp for 
HNF are higher than ADN, AP, and bis(fluorodinitroethyl) nitramine (FDNEN). 
The relationship of enthalpy release and 7 sp is denoted by Eq. (4): 

7 sp oc (AT/) 5 (gas volume ) 5 (4) 

The 7 sp values obtained from aluminized formulations that contain 20% A1 
and oxidizers such as AP, HNF, FDNEN, and ADN in a BN-7/butanetriol trini- 
trate (BTTN) binder were compared. As indicated in Fig. 1 , the results show that 
HNF produced the highest performance at 276.1 lbf-s/lbm, followed by ADN at 
274.0 lbf-s/lbm, AP at 270.9 lbf-s/lbm, and FDNEN at 269.9 lbf-s/lbm. Optimized 
performance occurred in formulations that contained 15% AP and 30% HNF, 
FDNEN, and ADN. Thus total solid levels are low at 35% for the AP formulation 
and 50% for the other three formulations, respectively. While HNF is more en- 
ergetic than ADN, the former tends to be incompatible with binder curatives and 
nitrate ester plasticizers. Thus, ADN appears to be the most appropriate oxidizer 
for compositions containing a BN-7 energetic binder, a BTTN plasticizer, and Al. 

The contribution to working fluid volume was estimated by calculating the 7 sp 
for those oxidizers considered as monopropellants (Fig. 2). For CHON oxidizers, 
the yield of gas generally depends on the H content, and, while HN has the highest 
yield of gas (4.49 mol), it is not a useful oxidizer. ADN has a relatively high yield 
(4.03 mol) because of its NH 4 moiety. Thus, ADN’s yield working fluid combined 
with its O content (Table 2) and relatively low heat of formation make ADN a 
comparatively attractive energetic oxidizer. 

Earlier, the contributions to performance of different types of binders used in 
similar aluminized-propellant formulations were quantified and compared. 
BN-7 exhibits higher calculated values of 7 sp than polycyanodiflouraminoethylene 
oxide (PCDE ), 20 polyglycidyl nitrate (PGN ), 21 ’ 22 and bis(nitratomethyl) oxetane 
(BNMO ). 23 As the oxidizer content increases, polyethylene glycol (PEG) compo- 
sitions improve rapidly until a 45% oxidizer content is reached, a point at which 
PEG maximizes to an 7 sp just above that of PCDE (Fig. 3). Moreover, BN-7 ex- 
hibits a high 7 sp because of its positive heat of formation and high yield of working 
fluid. 

In Table 2, other properties of ADN are also compared with those of AP. Whereas 
ADN is lower in O content, 51.6% as compared to 54.5% for AP, the former has 
a more favorable heat of formation, -298 as compared with -602 cal/g. This 
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Table 2 Comparative properties of ADN and AP 


Property 

ADN 

AP 

Oxygen content, % 

51.6 

54.5 

A Hf, cal/g 

-298 

-602 

Melting point, °C 

92-94 

300-350 

Density, g/cnv 1 

1.80 

1.95 

Yield of gas, moles/100 g 

4.03 

3.58 

Stability/compatibility 

Adequate stability/ 

Superior stability/ 


compatibility 

compatibility 

Crystal shape 

Needles/leaflets with ability 
to form spherical prills 

Spherical shape as received 

Cost 

Moderately high 

Low 

Sensitivity 

Sensitivity greater than AP 

Sensitivity less than ADN 

Contribution to / sp 

3-5 s higher than AP 

3-5 s lower than ADN 

Environmental aspects 

Inability to evolve 
corrosive gas 

Ability to evolve HC1 gas 

Ability to oxidize Al 

Less than AP 

More than ADN 


condition is due to the relatively weak N— N and N-0 bonds in ADN as compared 
with the stabilized chlorine— O bonds in AP. Moreover, the yield of gas (working 
fluid) from ADN is higher, 4.03 as compared with only 3.58 mol/100 g for AP, 
owing to the relatively high molecular weight of the HC1 produced by AP. The 
lower heat of formation (which enhances enthalpy release) and the greater volume 
of gas generated (which enhances the working fluid) cause ADN formulations to 
have a higher / sp than corresponding AP compositions (Table 2). 

The use of metals such as B, Be, and A1 contributed to the highest increases in 
enthalpy release. Whereas nonmetallic energetic materials typically release less 
than 1.3 kcal/g, the oxidation of A1 increases the yield to over 2 kcal/g. These 
high enthalpy releases are obtained when metal oxides form during combustion, 
as shown in Table 3. Metal fluorides also form when there is F present in the 
oxidizer or binder. The data in Table 3 clearly indicate that Be and A1 (either as 



Fig. 3 Specific impulse of propellants containing ADN, Al, and various binders. 
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Table 3 Comparison of enthalpy release of metal to metal oxides and fluorides 


Metal 

Oxide 

A Hf 

Fluoride 

A Hf 

kcal/mole 

kcal/g 

kcal/mole 

kcal/g 

Be 

BeO 

-145 

-5.8 

BeF 2 

-245 

-5.2 

B 

B 1 O 1 

-304 

-4.4 

BF, (g) 

-272 

-4.0 





BOF(g) 

-145 

-3.2 

Mg 

MgO 

-144 

-1.3 

MgF 2 

-26 

-4.3 

Al 

AI 2 O 3 

-401 

-3.9 

AlOF(g) 

-140 

-2.3 





A10F 2 

-265 

-3.3 





A1F 3 

-361 

-4.3 





A1F 3 (g) 

-289 

-3.4 

H 

H 2 0 (g) 

-58 

-3.2 

HF (g) 

-65 

-3.2 


H 2 0 (1) 

-68 

-3.8 

HF (1) 

-72 

-3.6 


oxides or fluorides) yield the highest enthalpy release. This high yield is the reason 
that the performance of aluminum propellant is superior to that of nonaluminized 
propellant, especially because enthalpy release is the major driver for high / sp and 
high flame temperature. Both conditions more than compensate for the modest loss 
of working fluid due to the formation of condensable aluminum oxide (AI 2 O 3 ). 
However, because Be is toxic and B is difficult to bum with common oxidizers, 
A1 is used most commonly as fuel, even though its atomic weight is higher than 
that of the light metals mentioned (Be and B). 

Replacing metals with metal hydrides is another particularly attractive alterna- 
tive because both enthalpy release and working fluid are increased. In addition, 
the H evolved lowers flame temperature. This is especially true for A1H 3 . The / sp 
of propellants containing AIH 3 is typically 1-4 s higher than that of propellants 
containing Be. However, propellants that contain high levels of AIH 3 (>20-25%) 
are difficult to process. At present, the use of metal hydrides such as AIH 3 is 
precluded by their extreme reactivity and safety problems when combined with 
other plasticizers and oxidizers. Research is underway on stabilizers and binder 
materials that may be more compatible. 

Additional H to lower the product molecular weight can be found in the CH 
linkages in the binder/plasticizer and in the NH linkages in the oxidizers and 
nitramines. However, the molecular weight reduction is limited and only achieved 
at the expense of diminishing enthalpy values because of the relatively strong C— H 
and N-H bonds. However, these sources of H are critical in metallized propellants 
in which the addition of metals tends to reduce the sources of working fluid. Thus, 
in earlier metallized compositions, replacing KP with the H-containing AP resulted 
in a significant increase in / sp . 

To further clarify these points, a typical high-energy propellant [7 sp at 1000 psi 
(6.895 MPa) -> 14.5 psi (0.09997 MPa) over 270 lbf-s/lbm] contains a binder such 
as PEG, a nitrate ester plasticizer, an oxidizer, a nitramine, and Al. While PEG 
is inert and has a relatively high negative heat of formation (> — 1 kcal/g), the 
addition of an energetic plasticizer renders the binder energetic because of the 
reduction in the relative level of inert polymers. Cyclic nitramines such as CL-20 
and HMX have positive heats of formation and also contribute to a relatively low 






ADVANCES IN SOLID PROPELLANT FORMULATIONS 


193 


Table 4 Calculated specific impulse for energetic compositions 


Binder Plasticizer Oxidizer Additive Metal 7 sp , Ibf-s/lbm 


PEG 

NG C 

PEG 

NG C 

BN-7 

BTTN 

PEG 

BTTN 

PEG 

BTTN 

BN-7 

BTTN 

BN-7 

BTTN 

NC 

NG 

BN-7 

BTTN 

BN-7 

NF binder 15 
OF binder 

BTTN 


AP 

HMX 

HMX 

ADN 

HMX 

ADN 

— 

ADN 

— 

ADN 

— 

AP 

HMX/TAZ 

ADN 

— 

— 

HNFX a 


A1 

274 

A1 

270 

A1 

277 

A1 

277 

A1H, 

291 

A1H, 

294 

Be 

290 

Be 

298 

BeH 2 

>310 

BeH 2 

>310 

BeH 2 

>310 

BeH 2 

>310 


a HNFX = 3,3,7,7-tetrakis(difluoramino)-octahydro- l,5-dinitro-l,5-diazoncine. 
h NF = fluoro amino. 

C NG = nitroglycerine. 


molecular weight. The use of AP in these compositions can decrease 7 sp because 
of its high negative heat of formation (—606 cal/g). However, because of its high 
density, AP can also effectively increase the density 7 sp (1.95 g/cm 3 ). Furthermore, 
the addition of AP is necessary to tailor the burning rates and enhance the metal 
combustion of the propellant material. 

The energy of the propellants shown in Table 4 can be further increased by 
replacing the polyether binder, PEG, with BN-7, which has a positive heat of 
formation (+330 cal/g). The replacement of AP with an oxidizer such as ADN 
that has a lower negative heat of formation (—298 cal/g), will produce further 
7 sp gains. Performance gains can also be achieved by replacing A1 with Be, a 
composition that produces a significant gain in performance (to >280 lbf-s/lbm 
/ sp ) because of BeO’s high heat of combustion (5.8 kcal/g). Adding conventional 
ingredients such as HMX, nitrate ester, and triaminoguanidinium azide (TAZ) 24 
to the propellants shown in Table 4 increases 7 sp to >298 lbf-s/lbm. 

The most energetic combination of ingredients may be created by the addition 
of Be and ADN in an energetically plasticized binder such as PEG or BN-7. This 
composition will produce an 7 sp that exceeds 290 lbf-s/lbm. Replacement of A1 
with the most energetic fuel reported herein, BeH 2 , will yield a further 7 sp gain, 
up to 310 lbf-s/lbm or more. This fuel makes a superior contribution to enthalpy 
release and working fluid. This approach may yield only inert BeO because no 
chlorine is available (in the absence of AP) to form the soluble and toxic BeCE. 
This toxicity issue has precluded the use of Be in formulations. However, if a 
nontoxic combustion product of Be could be ensured, the energy yields would be 
significantly increased. 

Compositions containing binders or solids having NF groups 25,26 and BeH 2 
can be exceptionally energetic. This enhanced energy level is based on the favor- 
able combination of enthalpy release and working fluid that is produced from the 
formation of BeF 2 , HF, and H. Furthermore, NF compounds tend to be high in 
density and, thus, partially offset the low density of BeH 2 . Perhaps the ultimate 
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combination of ingredients is BeH2 and an OF-containing fluorocarbon binder. 
Because O— F bonds are weaker than N— F bonds, enthalpy release may be en- 
hanced. However, the reactivity of the COF moiety may preclude the existence of 
binders containing C-C bonds. In any event, at present, this long-term approach 
is highly speculative. 

Although compositions containing HMX, Al, and AP are effective in achieving 
a high p"/ sp in long-range strategic missiles, those combinations cannot be used in 
many short-range tactical missiles. This limitation exists because ALO3 and HC1 
droplets cause the formation of a visible plume that decreases effectiveness in many 
engagements. However, the absence of Al causes a decrease in performance in both 
density and impulse. Thus, the more energetic tactical missiles contain minimum- 
signature propellants having energetically plasticized polyether-polyester binders 
filled with cyclic nitramines. However, conventional reduced-smoke propellants 
containing HTPB binder and AP oxidizer have only modest performance. 

Reduced-smoke propellant performance can also be enhanced by the addition 
of ADN and dense nitramines such as HMX and CL-20. ADN is an oxidizer that 
contributes to a lower molecular weight and to a higher enthalpy release than AP. 
Moreover, high-energy, minimum-smoke propellants can be made with ADN or 
CL-20. 

CL-20, first synthesized by Nielsen in 1987, 12 has a greater density than HMX 
and cyclotrimethylene trinitramine (RDX), as indicated in Table 5. In addition, 
CL-20’s positive heat of formation value is higher, an indication that CL-20 is 
thermodynamically less stable and, hence, more energetic than HMX. 

As a propellant ingredient, CL-20 (based on its high density and high positive 
heat of formation) can significantly enhance the performance of rocket propellants. 

Thus far, 7 sp has been the principal figure of merit used to characterize pro- 
pellant performance. However, as mentioned before, to address the performance 
associated with systems, density to a power times 7 sp , p n 7 sp , should be used as the 
measure of merit. For a volume-limited system, an exponent of 0.75 is used, while 
for a weight-limited missile system, a value of 0.15 is applied. Thus, p 0 75 7 sp is 
used for volume-limited systems and p° 15 7 sp is used for weight-limited systems. 
This measure is used with the understanding that the performance of an actual 
system may have an exponent between these two extremes. Tables 6 and 7 show 
a comparison of propellants made with conventional binders and with AP, HMX, 
or CL-20 as the sole oxidizer. The results indicate that the propellant contain- 
ing CL-20 provided higher performance than those made with AP or HMX. This 


Table 5 Properties of CL-20, HMX, and RDX 


Properties 

CL-20 

HMX 

RDX 

Molecular formula 


c 4 h 8 n 8 o 8 

c 3 h 6 n 6 0 6 

Melting point, °C a 

260 

285 

205 

Density, g/cm 3 

2.04 

1.9 

1.82 

AT//, caVg 

228 

61 

66 

Standard 7 sp , lbf-s/lbm b 

273 

265 

265.5 


“Decomposition temperature, 

b Calculated from standard condition: 1000-14.5 psia (6.895-0.09997 MPa). 
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Table 6 Volume-limited system propellant 
performance comparison 


Propellant 

O 075 1 
r *sp 

Exhaust 
temperature, K 

Metallized conventional Al/AP 

427.8 

2324 

Metallized conventional Al/HMX 

430.2 

2313 

Metallized conventional Al/CL-20 

431.8 

2314 

Nonmetallized HMX high energy 

409.7 

1509 

Nonmetallized CL-20 high energy 

429.8 

1950 


performance enhancement was even more dramatic in nonmetallized formulations, 
that is, reduced- and minimum-smoke propellants. 

In summary, the criteria for the selection of ingredients that enhance perfor- 
mance for composite propellants are described in terms of the contribution to 
enthalpy release and gas volume (working fluid) generated. The ingredients, in 
their descending order of contribution to enthalpy release, are as follows: 1) met- 
als and metal hydrides, 2) nitramines (with chemical energy equal to or higher 
than HMX), 3) nitrate esters, 4) energetic binders, and 5) inert binders. 

The oxidizers, in their decreasing order of ability to increase working fluid, are 
as follows: 1) HN, 2) ADN, 3) HNF, 4) AP, 5) HAP 6) HP2, and 7) FDNEN. 

Although all of these ingredients are important in the investigation of future 
propellant applications, the most practical combinations of ingredients are those 
that have the highest performance and the greatest stability: Al, ADN, and en- 
ergetic binders. Compositions that contain the most energetic ingredients such as 
metal hydrides and HNF suffer from sensitivity, compatibility, and aging instability 
problems brought about by the extreme reactivity of these ingredients. 


B. Insensitive Munitions 

A new class of reduced-smoke propellants has been developed by Alliant 
Techsystems. 27,28 Full-scale rocket motors loaded with these propellants passed all 
the IM-required tests, which included slow cookoff, fast cookoff, fragment impact, 
and bullet impact. This accomplishment was remarkable inasmuch as conventional 
HTPB/AP propellants often fail one or more of these tests and exhibit violent re- 
actions. Because the principal cause of these failures is inclusion of energetic 
materials within the formulations prepared for the munitions, incorporation of less 


Table 7 Weight-limited system propellant performance comparison 


Propellant 

7 sp , lbf-s/lbm 

°.15 7 

H i sp 

Exhaust 
temperature, K 

1.3 Reduced smoke 

247.9 

270.3 

1455 

1.3 Minimum smoke 

243.5 

262.7 

1339 

1.1 Minimum smoke 

246.6 

267.4 

1249 

1 . 1 CL-20 high energy 

270.4 

296.7 

1950 
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Table 8 Properties of HTPB and HTPE propellant 
characteristics 


Characteristics 

HTPB 

HTPE 

7 sp x density 

~15 

~15 

Burning rate at 1000 psi 

0.39 (0.99) 

0.40(1.01) 

(6.895 MPa), in./s (cm/s) 



Pressure exponent 

0.44 

0.50 

71 T*. %/°F 

0.11 

0.10 

77°F stress, psi (MPa) 

120 (0.827) 

174(1.199) 

77° F strain, % 

56 

44 

77°F modulus, psi (MPa) 

628 (4.33) 

588 (4.05) 

— 65°F ignition strain, % 

15 

21 

-65°F thermal strain, % 

30 

40 

Shock sensitivity 

Zero card 

Zero card 


sensitive ingredients is the most crucial step toward successfully achieving IM 
goals. 

These new propellants are based on a binder containing a HTPE polymer, an 
energetic plasticizer, and an AP oxidizer. The mechanical and ballistic properties 
of these HTPE propellants are very similar to those of the HTPB/AP propellants 
used in tactical systems. A comparison between these propellants is shown in 
Table 8. 

The introduction of this new HTPE binder provided substantial differences 
in the propellant’s behavior when exposed to external stimuli (heat, shock, and 
mechanical impact). Graphite composite case demonstration motors, 10 in. in di- 
ameter, that contained approximately 60 lb of HTPE propellant were subjected to 
all four of the IM tests mentioned. The results are compared with those motors 
loaded with conventional HTPB propellants in Table 9. The motors loaded with 
HTPE propellant passed all four IM tests, but the motors loaded with HTPB propel- 
lant passed only one. The successful development of this reduced-smoke propellant 
was further utilized in evolving an aluminized version of HTPE propellant. 

Studies conducted over the years indicated that AP was not usable for minimum- 
signature propellant applications, thus the incorporation of CL-20 in more re- 
cent compositions. The use of high-explosive solids such as HMX or CL-20 in 
minimum-signature propellant compositions to obtain high performance was de- 
scribed earlier in this paper. However, these solids tended to be shock sensitive 


Table 9 IM test results in 10-in. demonstration motors 


IM test 

HTPB propellant 

HTPE propellant 

Slow cookoff 

Explosion (fail) 

Burning (pass) 

Fast cookoff 

Burning (pass) 

Burning (pass) 

Bullet impact 

Deflagration (fail) 

Burning (pass) 

Fragment impact 

Explosion (fail) 

Extinguished (pass) 

overpressure 

78 psi (0.537 MPa) 

0 psi (0 MPa) 
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Table 10 Shock sensitivity test results of CL-20 propellants 


CL-20 type in propellant 

NOL card gap test, 50% 
point, no. card ( p ) 

200 fim in e form (poor crystal 
quality, high levels of defects) 

7.6 (i m (FEM ground) 

3 /am (SWECO ground) 

>170 cards (<30 kbar) 

90 cards (60 kbar) 

58 cards (70 kbar) 

Note: All sizes of CL-20 are in £ form. 


because they possessed high chemical energies. On the other hand, propellant for- 
mulations containing AN, while less shock sensitive, exhibited intolerable perfor- 
mance losses (typically, less than 200 lbf-s/lbm in delivered 7 sp ). Recent work has 
shown that when both AN and CL-20 are used together to formulate a minimum- 
signature propellant 29 the result is a less sensitive composition with improved 
performance characteristics. 

To continue the progress in the areas of decreased sensitivity with increased 
energy, new ingredients must be of higher quality as well as of increased energy. 
Three CL-20 minimum-signature propellant samples were produced to evaluate 
the effect of crystal quality and size on the shock sensitivity of the propellant. The 
results of the Naval Ordnance Laboratory (NOL) card gap test 30 are summarized 
in Table 10. These results indicate that samples made with an unground CL-20 
production lot contained the highest amount of crystalline defects, a condition that 
translated into higher sensitivity to shock initiation. When this CL-20 material was 
ground, the shock sensitivity of the propellant sample improved significantly. The 
difference between the fluid-energy-milled (FEM) and the vibro-energy-milled 
(SWECO) materials was that this FEM-ground material retained larger particles 
with crystalline defects (i.e., >50 n m), a condition that contributed to the shock 
sensitivity of 90 cards. This value is not acceptable because it is higher than 
the 70-card limit for classification as Class 1.3 material. In later work, the FEM 
process was refined to produce particles that were uniformly fine and equivalent 
in sensitivity to the SWECO-ground material. 

The experience showed that crystal quality is important in obtaining the least 
shock sensitive formulation. When crystalline defects are removed through me- 
chanical grinding, it is possible to achieve a Class 1 .3 minimum-signature propel- 
lant that incorporates a significant percentage of a very high-energy ingredient. 
Thus, a method that uses CL-20 or HMX to boost the energy of AN propel- 
lants without degrading their desirable insensitivity to shock has been success- 
fully developed. It should be reemphasized that the data clearly showed that the 
crystal quality of CL-20 and HMX materials plays an important role in shock 
initiation. 31,32 

High-density additives, such as buming-rate modifiers or combustion instabil- 
ity additives, can increase the shock sensitivity of AN propellant. Therefore, one 
important aspect of the formulation work was to choose buming-rate modifiers 
that support the burning of the propellant and yet do not increase shock sensitiv- 
ity. An experimental propellant [glycidyl azide polymer (GAP)/BTTN/AN/RDX] 
was prepared with two different types of lead-containing additives to boost burning 
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Table 11 Shock sensitivity test results of propellant 
GAP/BTTN/TMETN/AN/RDX 



NOL card gap test 

Lead additives 

Cards 50% 
point 

Pressure (kbar) 
in PMMA a 

Propellant without 
lead additive 

58 

75 

Lead carbonate 

80 

70 

Lead citrate 

58 

75 

A b 

141-173 

41-30 


a PMMA = polymethyl methacrylate. 

b A = conventional minimum-signature propellant. 


rates. When lead carbonate, an insoluble, dense material, was added to this compo- 
sition, shock sensitivity was increased from 58 to BO cards (Table 11). However, the 
soluble compound, lead citrate, not only enhanced burning rate but also preserved 
the low shock sensitivity of the propellant. 

There is a growing body of evidence indicating that the crystal defects resid- 
ing within high explosives are one of the major causes of shock sensitization in 
energetic composite materials. Therefore, methods that remove or minimize these 
imperfections (proper recrystallization or mechanical grounding) can greatly im- 
prove shock sensitivity of the filled material. 

Related to this phenomenon, hot spot initiation has been studied and docu- 
mented. 33 CL-20, because of its exceptionally high chemical energy content, is 
probably more prone to sensitization when large amounts of crystalline imperfec- 
tions exist in the sample. The studies documented in this paper have helped for- 
mulators prepare CL-20 so that it can be incorporated into propellants to enhance 
energy yet still maintain low shock sensitivity properties. Combustion additives, 
such as lead catalysts or zirconium carbides, can also sensitize the propellant to 
shock initiation. However, care must be taken when such additives are used. To 
maximize the yield of energy while reducing sensitivity, the chemical structure, 
the reactivity and compatibility with other ingredients, and even the physical form 
of the ingredients must be carefully scrutinized. 


C. Pollution Prevention 

The desirability of developing a new propellant that can facilitate the demili- 
tarization and regeneration of ingredients was described in an earlier section of 
this chapter. A technique has been successfully demonstrated that incorporates a 
hydrolyzable binder into an energetic formulation. Thus, demilitarization is only 
a matter of dissolving the binder into oligomeric compounds and molecular con- 
stituents by solvolysis in dilute aqueous acid or alkali. This method allows recycling 
of the solid ingredients by either filtration or recrystallization from the aqueous 
solution. 34 

Few polymers have the potential for facile ability to hydrolyze combined with 
the ability to meet the stringent requirements of binders for tactical rocket motors. 
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Hydrocarbon chains meet the latter requirements but not the former. Moreover, 
as mentioned earlier, these chains are insoluble and unreactive to conditions ap- 
plicable to the demilitarization and recycling of energetic munitions and their 
components. 

The most promising polymers for acid- or base-catalyzed hydrolytic degradation 
are hydroxyl-terminated polyesters cured with isocyanates to form urethane cross 
links. 35 36 In principle, both ester and urethane linkages are hydrolyzable in dilute 
aqueous acid and base solutions, although normally the process is slow. However, 
if the polymer backbones of such materials also contain hydrophilic polyester 
segments that allow the aqueous medium to penetrate to the cure linkages, and 
if these polyether moieties are optimized for length, the rate of hydrolysis of the 
polyester linkages increases under mild conditions. If, in addition, the urethane 
linkages are modified with electron-withdrawing groups, the rate of hydrolysis of 
these linkages increases. Hydrolysis of such a polymer results in a dilute aqueous 
solution of a diamine, a diacid, and a short PEG chain. 

The development of hydrolyzable binders for explosive formulations has been 
ongoing for over 20 years. However, only recently has the development been 
expanded to include propellant formulations. 37 In the 1970s, polyglycol adipate 
esters 38 with PEGs of varying molecular weights were used to attain degradable 
PBXs. The ester hydrolysis rates were found to increase markedly as the length of 
the glycol chain increased. Lengthening the polyether chain enhanced the affinity 
to water and rate of hydrolysis. The rates were also increased by the assistance 
of the neighboring ether O. A PEG of about 400 daltons was selected and a 
hydroxyl-terminated polyethylene glycol adipate (PEGA) was developed from 
this PEG. Synthesis of the PEGA is shown schematically in Fig. 4. Trimethyl- 
olpropane was added in small quantities to provide a functionality greater than 
two. 

Laboratory-scale samples of propellant formulations that utilize PEGA cross 
linked with hexamethylene diisocyanate (HMDI) can be hydrolyzed in dilute acid 
or base in a day’s time if the aqueous solution is warmed. Compositions containing 
A1 are treated with ammonium hydroxide, which, unlike dilute acid, does not 
dissolve the Al. Potassium carbonate was also used in hydrolysis. This method 
enabled the AP to convert to the slightly soluble KP, which could be recovered 
by filtration. A further increase in the binder degradation rate was afforded by 
curing the PEGA with a diisocyanate bearing an electron-withdrawing group. 
Lysine diisocyanate methyl ester (LDIM) contains a carbomethoxy group on its a- 
carbon atom. Urethanes formed by a reaction of this a-isocyanato group are more 
readily hydrolyzed than are urethanes formed from a conventional isocyanate such 
as HMDI. Samples cured with LDIM or lysine triisocyanate (LTI) were shown to 


HOOC(CH 2 ),COOH + HO(CH 2 CH 2 0)„H + CH 3 CH 2 CH (CH 2 OH) 3 
ADIPIC ACID PEG TRIMETHYLOLPROPANE 

^ -H-,0 

HO PEG-(ADIPATE-PEG)„ OH 


Fig. 4 Preparation of polyethylene glycol adipate. 
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Fig. 5 Binder hydrolysis. 


hydrolyze in room temperature aqueous acid or base in a few hours. The formation 
of the binder and its hydrolysis are shown in Fig. 5. LDIM used as the curative 
enhances the environmental innocuousness of the demilitarization process because 
other isocyanates are hydrolyzed to form toxic amines. The lysine formed from 
LDIM on hydrolysis is a nontoxic essential amino acid. 

With the utilization of binders such as PEGA, demilitarization of rocket motors 
generates a clear, nonviscous supernatant hydrolysate from which insoluble in- 
gredients such as HMX and A1 can be recovered easily by filtration. These solids 
can then be sold for reuse in commercial explosives and alternative energetic 
formulations. Soluble ingredients such as AP can be crystallized out, and the 
aqueous acid or base solution recycled. Left over is a liquid hydrolysate contain- 
ing nontoxic compounds that can be easily and cheaply treated for proper disposal. 
Under this demilitarization scheme, the value of the ingredients can be saved, and 
the environmental burdens involved in manufacturing new replacement materials 
can be alleviated. Moreover, concerns about air and water pollution involved in 
the demilitarization of these formulations can be allayed. 

The hydrolyzable binder PEGA has properties significantly different form the 
common binder HTPB (as shown in Table 12). Thus, changes in formulation of 
PEGA are necessary. 

Because PEGA has a higher O content than HTPB, the former is also higher in 
density. Consequently, the volume percentage of binder per unit weight is reduced 
when PEGA is used as a binder. Thus, relatively high percentage levels of binders 
are required to attain good processibility. Fortunately, the high O content permits 
the use of high levels of Al. Typical formulations can contain up to 22% Al, an 
amount that tends to produce a density impulse equivalent to that of an aluminized 


Table 12 Comparison of the properties of hydrolyzable binders (PEGA) 
and HTPB (R-45M) 



Viscosity, 

cP 

Density, 

g/cm 3 

A Hf, 
cal/g 

Oxygen, 

% 

MW 

Functionality 

PEGA 

KB 

1.2 

-1100 

37 

wm 

2.33 

HTPB 

■9 

0.9 

-5.0 

2 

H 

2. 2-2.4 
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HTPB propellant. A typical propellant is composed of a PEGA polymer, an LDIM 
curative, an acetyltriethyl citrate plasticizer, AP (2, 20, and 200 /im), a Fe 203 
burning rate catalyst, and A1 (30 /um). 

Propellants were then optimized to exhibit adequate mechanical properties. The 
burning rates were varied by changing the particle size of AP, as well as by adding 
iron oxide. These propellants typically exhibited rates between 0.55 and 0.88 in./s 
(1.4-2.23 cm/s) at 1000 psia (6.895 MPa). The pressure exponent was as low as 
0.47 between 1000 and 3000 psia (6.895-20.685 MPa). 

An ideal hydrolyzable binder would be resistant to ambient moisture exposure 
during storage. Thus, another critical issue addressed was long-term aging in humid 
environments. In the presence of moisture, AP becomes a catalyst that enhances 
hydrolysis of polyesters. 35 ' 36 Preliminary aging results indicated that the propellant 
incorporating PEGA survived well at 50% relative humidity at ambient temper- 
ature for six weeks. However, additional aging experiments are currently being 
conducted in a more stringent environment because of the following concerns. 

Thus far, hydrolyzable binders in propellant formulations have been limited to 
experimental applications in small gun-launched systems. Future development of 
this hydrolyzable binder concept must address the more stringent requirements for 
aging in humid environments to which larger, more exposed propulsion systems 
are subjected. Although the PEGA binder is insoluble in water, trace quantities 
of acidic or basic compounds in conjunction with moisture tend to degrade the 
mechanical properties of formulations unless they are manufactured under dry 
conditions and protected, to some extent, from the environment. The present situa- 
tion is analogous to the early days in the development of biodegradable packaging, 
in which the first products on the market began to biodegrade before the end of their 
service lives. Modifications of the polyether chains and variations of the structure 
of the diacid moiety in the polyether-polyester structure are under investigation 
and may result in polyesters that are hydrolyzable under more specific conditions 
than the prototypical PEGA binder described earlier. Such variant binders would 
be applicable to propulsion systems that have to endure long exposures to humid 
environments, for example, on the wing of a plane on a carrier deck at sea. 

Another technique for a viable demilitarization recycling plan currently under 
investigation is a binder that can be melted or dissolved from the motor case and 
divested of its solids content by filtration or solvent washing. This binder can then 
be reconstituted, reformulated with the solid ingredients, and replaced in the case. 
This method has the virtue of enabling the recycling of virtually everything in 
the rocket motor with minimal additions of new material. In addition, the binder 
can itself be an energetic ingredient, a condition that allows large increases in 
performance with only slight increases in sensitivity. A great deal of developmental 
work to this end has been done on the copolymer BAMO/azidomethyl methyl 
oxetane (AMMO) 37,39 (Fig. 6), which is an energetic thermoplastic elastomer 
(TPE). Although this TPE is not a true hard-soft-hard (ABA) triblock polymer, the 
polymer is thermoplastic and has elastomeric properties. 40,41 

Any usable binder in this demilitarization scheme must be thermoplastic or sol- 
uble in organic solvents, or both, like BAMO/AMMO. Because fugitive emissions 
of volatile organic compounds and solvent vapors in the workplace are under heavy 
regulatory attention and require strict engineering controls, the use of thermoplas- 
tics is by far the most attractive alternative. 

The dilemma for this option is thermoplastics’ reliance on the physical en- 
tanglements and chemical associations of polymer chains for their mechanical 
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Fig. 6 Structure of BAMO/AMMO. 


properties. 39 - 40 The associations of the hard polymer blocks and the chain entan- 
glements form virtual cross links that are weakened when heat energy is added to 
the polymer and when molecular motion increases. These cross-links are strength- 
ened when the material is cooled and the motion decreases. Thus, at a higher 
temperature, any given thermoplastic will always have lower stress and higher 
strain than at a lower temperature. This reduction in mechanical properties con- 
tinues to the point of the polymer melting and running if the temperature is high 
enough. On die other hand, at a given temperature, the binder with the greater 
number of entanglements and associations (brought on by greater length, more 
branching, or more associative moieties in the polymer chains) will have better 
mechanical properties. Thus, the mechanical properties of a given thermoplastic 
polymer structure are very dependent on the temperature at which they are mea- 
sured. Furthermore, this mechanical behavior tends to change in direct proportion 
to a change in temperature. 

To be a successful meltout recycling scheme, a propellant formulation that 
utilizes a thermoplastic binder must melt to a low-viscosity liquid (similar to 
light oil) at a temperature below that of the thermal decomposition of the propellant 
formulation. In addition, the solids must be filtered relatively rapidly without 
clogging the filter. However, this temperature cannot be higher than 100-125°C so 
that serious risk of decomposition with ingredients such as nitrate ester plasticizers 
or ADN can be avoided. At the same time, the thermoplastic must have adequate 
mechanical properties for storage and use at temperatures as high as 60°C yet 
not be overly brittle or glassy at temperatures as low as — 50°C. Generally, the 
systematic reaction of thermoplastics to structure and temperature dictates that 
a thermoplastic that does not soften, slump, or creep at 60° C will not melt to a 
low-viscosity liquid at 100°C and will be brittle or glassy at — 50°C. The addition 
of plasticizers improves low-temperature mechanical properties, but at the same 
time is liable to degrade high-temperature properties. Thus, the challenge is either 
to find the perfect compromise of molecular weight and degree of branching for 
the polymer or to discover substitutes that both attach to the binder and have a 
nonsystematic association as the temperature increases. 

Another approach is to design the block polymer so that the center (soft) block 
has a more fluid structure than AMMO. AMMO has a pendant, rodlike azido 
group that is more characteristic of a hard block. Polyethers of ethylene-propylene 
copolymers and fluoropolyethers have relatively low viscosities at a given chain 
length and are more appropriate substances for the soft block in an ABA block 
thermoplastic elastomer. Polar nitramino or tetrazolyl groups are efficient hard 
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Fig. 7 Proposed structures of thermoplastic elastomers. 


blocks for the associative parts of the molecule. An example of such a structure is 
shown in Fig. 7. 

Because thermoplastics are not cross linked, it is possible to dissolve them in the 
appropriate organic solvent. The limitation in the length of the chains for ease of 
solubility also limits the mechanical properties of the binder across the appropriate 
temperature range. The demilitarization of a rocket motor under these conditions 
somewhat resembles the cryogenic or water washout method described earlier, 
except that the dissolution of the binder is complete and all of the ingredients are 
recovered. The binder must be reconstituted by evaporation of the solvent, and 
degradation of mechanical properties may occur if any solvent is retained in the 
thermoplastic or if the heat necessary to evaporate the last traces of solvent de- 
grades the binder chains. Engineering controls are required to curtail emissions 
of solvent vapors during the washout, evaporation, and vapor recovery processes. 
Nevertheless, within the context of these challenges, demilitarization of thermo- 
plastic binder propellants is feasible. 


III. Conclusions 

In summary, ingredients containing light chemical elements such as H, Al, Be, 
B, C, N, O, and F are the most useful for high-energy propellant compositions. 
Generally, these elements enhance enthalpy release per unit weight while reduc- 
ing the average molecular weight of gases. Oxidizers such as CL-20, ADN, and 
HNF have been identified as the most energetic ingredients for achieving high- 
performance propellants. Metal fuels such as Be and metal hydrides such as A1H 3 
and BeH 2 contribute to even greater performance enhancements, especially when 
used with energetic binders such as azido and nitrato polyoxetanes. 

The requirement for insensitive high-energy propellants that pass all IM tests 
when loaded in rocket motors is of primary interest to the user community. This 
consideration is especially vital because insensitive propellants greatly reduce the 
hazardous properties of munitions. Among numerous approaches, only the HTPE 
propellant passed all IM tests. Therefore, additional innovative ideas are definitely 
needed in this area, especially a new, insensitive, minimum-smoke propellant be- 
cause it is the most detonable propellant material. 

Hydrolyzable propellant is another excellent approach for incorporating a sim- 
plified demilitarization process into the design of formulation. Thus, binders can 
be easily removed and ingredients reused. However, other techniques such as the 
use of TPEs are attractive. With a TPE, the binder is designed to be remelted and 
recast into a reusable propellant grain. 

Ultimately, the environmental impact of propellant formulation must be 
addressed at each step in the manufacturing process. Energetic formulation 
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ingredients such as HMX and nitroester plasticizers are produced in conjunction 
with large quantities of hazardous waste products in the form of spent acids, sol- 
vents, and contaminated water. Additional environmental pollution occurs when 
the motor goes through the demilitarization process by conventional methods. 
Therefore, the most desirable scenario is to address the environmental damage 
potential in the early stages of the formulation so that the manufacturing and de- 
militarization phases cause less pollution. Developmental efforts that address all 
of the phases in a propellant’s life cycle must be emphasized. 

Efforts ranging from feasibility studies to demonstrations are being made in 
the following fields: modifications of ingredient synthesis to reduce the hazards 
of the reaction byproducts, recycling of synthetic reaction solvents and reagent 
byproducts, reduction of hazardous ingredients in propellant formulations, reduc- 
tion of solvent usage, and replacement of hazardous solvents with more innocuous 
solvents in propellant manufacture. Ultimately, all these efforts will combine to re- 
duce the environmental hazards of propellant formulations throughout their service 
lives. 
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Chapter 1.8 


Synthesis and Characterization 
of Dinitramidic Acid and Its Salts 

Oleg A. Luk’yanov* and Vladimir A. Tart akov sky ^ 
Russian Academy of Sciences, Moscow, Russia 


I. Introduction 

D INITRAMIDIC acid (DNA) and its salts were discovered for the first time at 
the N.D. Zelinsky Institute of Organic Chemistry of the Russian Academy 
of Sciences in May 1971 by the authors, working jointly with S. S. Novikov and 
V. R Gorelic. This discovery was not published at the time because of the poten- 
tial usefulness of DNA derivatives, particularly in rocket propellant formulations. 
In 1993 , Russian delegates made a presentation at the meeting of the American 
Institute of Aeronautics and Astronautics on the use of the ammonium salt (ADN) 
as a high-performance and ecologically friendly oxidizer for rocket propellants. 1 
A year before that, a patent was published in the United States in which ADN 
salts were suggested for use as solid rocket propellant components. 2 A number of 
publications have appeared subsequently that dealt with various aspects of the use 
of ADN salts in highly energetic formulations with diverse applications. 3-5 The 
pioneering Russian publication appeared only in 1994. 6 

This new class of compounds is based on the anion with the following compo- 
sition: N3OJ or N(NC>2)2 • The corresponding acid HN3O4 belongs to the family 
of simple inorganic acids that are among the universal reagents of chemistry. 
Perhaps the most amazing aspect of this discovery is that it was made so recently. 
Indeed, the simplest combinations of nitrogen and oxygen atoms, for example, 
NO, N 2 0 , N2O3, N2O4, and N2O5 have been known throughout the 20 th century. 
Respective carbon and oxygen analogs of the anion N(N02) 2 . such as C(NC>2)j", 
and ONOj , are also well known. The discovery of HN3O4 may be, therefore, 
compared with encountering a new island, not in the vast Pacific Ocean but some- 
where in the English Channel. In our opinion, this area of chemistry seemed so 
widely explored that nothing new was expected of it. In addition, the prospects may 
have seemed discouraging because the first nitro derivative of ammonia (nitramide 
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NH 2 N0 2 ) is known to be an unstable compound that is decomposed readily by 
base. Furthermore, organic compounds with the N(N0 2 ) 2 fragment, for example, 
methyldinitramine, have low stability and are good nitrating agents because cleav- 
age of the nitrogen central atom bond leads to the formation of stable fragments: the 
cation of N0 2 and the anion CH 3 NN0 2 . We assumed that a similar reaction of 
the N(N0 2 ) 2 system should not proceed because it would result in the formation of 
the dianion N(N0 2 ) 2_ and involve a great energy loss. Meanwhile, it was evident 
that the anion N(N0 2 )J should be a rather stable fragment because a high de- 
gree of negative charge delocalization would be achieved among the seven atoms. 
This assumption was confirmed and the period of 1971-1975 at this Institute was 
marked by the development of 20 synthesis options for the nitrogen-oxygen sys- 
tem N3O4. We synthesized DNA and over a hundred of its various organic and 
inorganic salts and obtained their structures, spectra, and physical and chemical 
properties. 

The synthesis of the same class of compounds was duplicated independently by 
U.S. chemists in 1989. 2 In this connection, the terminology for this type of com- 
pounds is worth discussing. American researchers suggested that the first member 
of this series should be termed dinitramide and, respectively, its derivatives termed 
dinitramide salts. To our mind, this nomenclature is incorrect, because amide is 
the name for a compound in which only one hydrogen atom on N is substituted by 
the functional group, for example, CH 3 CONH 2 acetamide. The compounds with 
two hydrogen atoms substituted by functional groups have a general name imide, 
for example, (CH 3 CO) 2 NH-acetimide. Hence, a more appropriate name for this 
class of compound should be dinitrimide salts. Because HN(N0 2 ) 2 is among the 
strongest inorganic acids, we called this compound dinitrasous acid or DNA in 
our publications of the 1970s. Note that the abbreviation DNA is the same in both 
Russian and English. For consistency with current nomenclature, we defer to the 
name dinitramide in this paper. Finally, the abbreviation DNA is used here with 
due respect for its more familiar meaning outside of the present field of rocket 
propulsion. 


II. Methods for the Synthesis of Dinitramide and Its Salts 

Methods for the synthesis of DNA salts may be divided into three groups, of 
which some are more complex than others. Principles of the synthesis of ADN 
salts developed by us in 1971-1975, with the largest part of this work published 
in 1994-1996, chiefly coincide with those put forward in American, Swedish, 
and Japanese publications and differ merely in the details. For this reason we 
will discuss these principles with reference to papers and patents best known to 
us. Briefly overviewed, the first category of reactions is characterized by that 
the organic N,N-dinitro derivative RN(N0 2 ) 2 is first synthesized. The R-N bond 
breaks in the course of further reaction, leading to the thermodynamically stable 
DNA anion: 


R - N(N0 2 ) 2 -* N(N0 2 )J 

Methods of organic chemistry form in the basis of the generation of RN(N0 2 ) 2 
compounds and their subsequent transformations. Therefore, these methods may 
be called organic in origin. The other two methods of synthesis are inorganic. For- 
mally, the most feasible synthesis techniques of DNA salts are those based on direct 
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nitration of ammonia or nitramide followed by the reaction of DNA with bases: 

H 3 N H 2 N - N0 2 -> HN(N0 2 ) 2 -> N(N0 2 ) 2 ‘ 

The third group consists of the reactions where already synthesized DNA and its 
salts are used as starting reagents: 

MN(N0 2 ) 2 -^M'N(N0 2 ) 2 

—MX 

As already mentioned, DNA salts, being inorganic compounds, historically were 
obtained by an organic method. 6 An organic method was chosen as most reliable for 
DNA synthesis for two reasons. First, we took into account the instability of the 
potential precursor nitramide (H 2 NN0 2 ) in base media, thus excluding its alkaline 
nitration, for instance, by tetranitromethane. Furthermore, there was a sound basis 
for assuming that DNA would be unstable in strongly acidic media, just as are 
primary nitramines and numerous primary nitramides. Therefore, we used the 
reaction of organic N,N-dinitramines with bases as the starting point in the first 
approach to the synthesis of DNA salts, that is, we formed the DNA anion in 
a basic medium and avoided the dinitramide formation step. As DNA-specific 
precursors, we selected, among others, compounds of the (N0 2 ) 2 NCH 2 CH 2 X 
type, where X was an electron-accepting group that activates the a -hydrogen 
atoms with respect to the attack by bases, and thus creates the anion center in 
the position to the dinitramine fragment. We presumed that the most probable 
means of stabilizing such an anion center should be splitting off of the DNA anion, 
which is a low-energy process (due to charge delocalization). This presumption 
was then proven experimentally. DNA salts were obtained the first time through 
the following scheme: 

I.KOH 

0 2 N - N(CH 2 CH 2 CN) 2 > K + N(N0 2 )CH 2 CH 2 CN- 

NO2BF4 KOH 

> (0 2 N) 2 NCH 2 CH 2 CN > KN(N0 2 ) 2 

It is possible to employ ammonia, instead of inorganic bases, in the decyano- 
ethylation step, thus yielding the ammonium salt of DNA directly. The preceding 
reaction, being a special case of the retro-Michael’s reaction, is rather general to 
the series of (0 2 N) 2 NCH 2 CH 2 X compounds and may serve as a general synthesis 
technique for the DNA salts, not only with propionitrile but also with the analogous 
esters, aldehydes, and ketones 7-9 : 

(0 2 N) 2 NCH 2 CH 2 X -> N(N0 2 )2 

where 

X = CN, COOMe, CHO, COMe, COPh 

Note that in the United States, DNA salts were also synthesized by an organic 
method and a /^-substituted alkyl-N,N-dinitramine (although the latter had a dif- 
ferent structure, namely, 2-(trimethyLsilylethyl)-N,N-dinitrarnine). 2-5,7-10 The 
general strategy of formation of a carbanion and its stabilization through splitting 
off of the N(N0 2 ) 2 anion is similar to our approach: 


Me 3 SiCH 2 CH 2 N(N0 2 ) 2 


MF 


» M+N(N0 2 )J 
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where 


M = Cs, NH 4 , Bu 4 N 

Transformation of / 8 -Hg derivatives of alkyl-N,N-dinitramines is also chemically 
very similar to the latter reaction 1 1 : 

Her 

0 4 N 3 HgCH 2 CH 2 N(N0 2 )2 > HN(N0 2 ) 2 + HgCl 2 + CH 2 = CH 2 

Another general method for the synthesis of DNA salts is the reaction of N,N- 
dinitramides with bases , 1012,13 

XN(N0 2 ) 2 + NH 3 NH+N(N0 2 ) 2 + xnh 2 

where 


X = AlkOCO, PhCO, Tosylate 

These reactions are analogous to the retro-MichaeTs reactions discussed earlier, 
with the only difference being that the anion center in the DNA anion precur- 
sors is formed in the ft position to the dinitramine grouping on oxygen atoms of 
C=0 or S0 2 groups, rather than on the carbon atom. N,N-dinitramides, which are 
used as intermediate reagents, are best obtained through nitration of corresponding 
nitramides by nitronium salts. They are highly labile compounds (especially N,N- 
dinitrobenzamide and N,N-dinitro-n-toluenesulfamide) and, therefore, should be 
handled at low temperatures of -65 to 75°C. N,N-dinitro derivatives of alkyl ure- 
thanes are more stable, although it is also advisable to handle them at temperatures 
of about —35 to 45 °C. In a number of cases rather high yields (~60%) are achiev- 
able at -5°C. Three centers of the nucleophilic attack (amide nitrogen atom and 
oxygen atoms of the nitro groups) are available in the initial nitro urethane salt, and 
three centers of the nucleophilic attack (carbonyl group and nitro groups) are avail- 
able in the intermediate dinitro urethane that lead to nitro urethane transformation 
to the DNA salt. This variety causes the process to depend on many factors (such 
as nitronium salt character, temperature, time, medium, reagent mixing technique, 
ratio of reagents, and nucleophilic reagent specifics). When all of these factors 
are considered, it is possible to synthesize DNA from nitro urethane in 75-85% 
yields: 

Et0C0N(N0 2 )H -► EtOCON(N0 2 )NH 4 

NHj 

-»• EtOCON (N0 2 ) 2 — > NH 4 N(N0 2 ) 2 

The reaction of nitro urea with nitronium tetrafluoroborate 14,15 

1 . no 2 bf 4 

H 2 NC0NH(N0 2 ) > NH4N(N0 2 ) 2 

2 . NH 3 

resembles, at least outwardly, the preceding reactions for obtaining DNA salts by 
nitration of N-nitramide salts with nitronium salts. Nevertheless, these attempts in 
a similar fashion 12 failed to produce DNA salts from the potassium salts of N-nitro 
cyanamide and N-nitro urea, and the dipotassium salt of N-nitrocarbamic acid. 
Finally, we should mention that DNA salts can be synthesized from a derivatives 
of alkyldinitramine having the atom with the unshared electron pair (oxygen or 
nitrogen atom) in the ft position . 16 This facilitates the N-C bond breakage through 
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stabilization of the carbocation formed by this electron pair. 


where 


R0CH 2 N(N0 2 ) 2 


KOH 


-» KN(N0 2 ) 2 



nh 3 


NH4N(N0 2 ) 2 


R = Me, i-Pr 


Hydrolysis of N-adamantyloxy-N'-nitrodiazen-N-oxide (Ref. 16) (1-Ad) repre- 
sents a special organic reaction yielding DNA, but is so far only of theoretical 
interest: 

1 - Ad - O - N = N - N0 2 - H2 ° -> 1 - AdOH + HN(N0 2 ) 2 

4 

O 

In contrast to these reactions, the starting reactant here contains the DNA frag- 
ment in the aci-form. The availability of the tertiary alkyl radical at the oxygen 
atom is likely to be necessary because analogous derivatives with primary and 
secondary radicals are reasonably stable in water, and so the reaction acquires 
another pathway in the alkaline medium. 

Inorganic methods for producing DNA are less diverse than the organic. The 
most feasible and attractive technique is nitration of ammonia 10,1718 : 

NO, 

NH 3 » HN(N0 2 ) 2 

Unfortunately, the low DNA yields, the high cost of some nitrating agents, the low 
concentration of target substances in the salt mixtures formed, and the challenges 
of isolating and purifying the DNA salts obtained in this way currently prevent us 
from recommending this method as more fruitful than the others. Another inorganic 
method for synthesizing DNA salts involves nitramide nitration 31019 : 

NH 2 N0 2 -► HN(N0 2 ) 2 

Both the possibility of synthesizing DNA in this manner and the yield depend dra- 
matically on the characteristics of the nitrating agent, the medium, the temperature, 
and the reaction time . 19 Nitration proceeds most smoothly when nitronium fluoro- 
sulfonate is employed as the nitrating agent and acetonitrile is the solvent. Under 
these conditions, nitramide can be transformed into DNA quantitatively in 5 min 
at 0-20°C. Acidic or neutral nitronium pyrosulfates may also be used as nitrating 
agents, but the reaction should be carried out in CH 2 C1 2 . This method provides a 
27-50% yield of DNA. When mixtures of HNO 3 with organic acid anhydrides or 
N 2 O 5 are used rather than nitronium salts, DNA is generated in trace amounts at 
best. About 80% yield of DNA is achievable by nitration of nitramide by sulfuric- 
nitric acid mixtures . 20 The same patent describes a technique for producing DNA 
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salts from the ammonia-sulfate derivatives H2NSO3H and HN(S03H)2 with a 
standard set of nitrating agents 20 : 


H 2 NS0 3 K 


a. HNO3/H2SO4 

b. KOH 


KN(N0 2 ) 2 


a. HN03/H')S0 4 , SO3 

H2N(S0 3 NH 4 ) 2 — > NH4N(N0 2 ) 2 

b. NH 3 

The patent cited here is novel because it also contains a pioneering DNA 
absorption-desorption purification technique. 

All of the described methods were utilized to synthesize chiefly ADN and potas- 
sium dinitramide (KDN). DNA and its salts act as bases when they are employed 
as starting reagents. 21 ' 22 Ionic salt exchange was the most frequently used option 
to produce other salts: 

MN(N0 2 ) 2 + M'X <3* M'N(N0 2 ) 2 + MX 

In laboratory practice it is convenient to use AgN(N0 2 ) 2 as the starting DNA 
salt and the M' halide or hydrochloride of the nitrogenous base. KN(N0 2 ) 2 also 
gives good results in a number of cases. The most feasible technique for synthe- 
sizing many stable salts with bases is neutralization of these bases B with DNA 
solutions 10,21,22 : 

B + HN(N0 2 ) 2 -+ HB + N(N0 2 )2 

Metal oxides or carbonates are equally applicable in place of the metal hydroxides: 
MOH + HN(N0 2 ) 2 MN(N0 2 ) 2 

M 2 C0 3 + HN(N0 2 ) 2 — MN(N0 2 ) 2 + h 2 o + co 2 

Aqueous solutions with 7-10% HN(N0 2 ) 2 are easy and safe to prepare by passing 
a KN(N0 2 ) 2 solution in water through a column filled with cation-exchange resin 
in the H + form. Nonaqueous DNA solutions were prepared by passing gaseous dry 
HC1 into a KN(N0 2 ) 2 suspension stirring in absolute ether, followed by evaporation 
of the excess HC1 and ether at 0°C. This procedure, however, should be used only in 
the rarest of cases, due to the danger of explosion. 21 To produce DNA with strong 
and nonvolatile bases, including organic, it is possible to employ ADN instead of 
DNA. 

NH4N(N0 2 ) 2 + KOH -+ KN(N0 2 ) 2 + H 2 0 

NH4N(N0 2 ) 2 + RNH 2 ->• RNH+N(N0 2 )“ + nh 3 

These methods were employed to synthesize DNA salts with mono- and divalent 
metals of the groups I, II, VII and VIII of the periodic table and several dozen 
DNA salts with ammonium bases, such as ammonia, hydrazine, hydroxylamine, 
formamidine, and their alkyl and amino derivatives. 


III. Structure and Properties of Dinitramide and Its Saits 

Depending on the method of synthesis and the medium, DNA can have three 
forms: one ionic and two covalent. 23 According to quantum chemistry 24 cova- 
lent DNA should predominantly have the N-H form, but in equilibrium with the 
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aci-form having an intramolecular hydrogen bond: 


HN(N0 2 )2 


Q 


N — Q 

// \ 



N — O 

cr 


Experiments at least partially verify this result. 23 Indeed, after treatment of the K + 
salt of DNA suspension with excess HC1 in nonpolar solvents, followed by removal 
of the excess HC1 and solvent, a substance remains whose infrared (IR) spectrum 
has absorptions at 1255, 1625, and 3245-3295 cm -1 that are characteristic of 
alkyl-N,N-dinitramines (1250, 1255, 1600-1615, 1640-1655 cm -1 ) andofN-H 


compounds. It transforms again to the DNA salt upon treatment with base. This 
served as the basis for assigning the structure to a true dinitramine form HN(N0 2 )2 
(Ref. 24). 

DNA in the individual state is a colorless, rather mobile, unstable liquid. When 
it is obtained in a few tenths of a gram, extensive decomposition accompanied 
by the generation of initially colorless and then grayish nitrogen oxides occurs 
promptly after solvent removal at 0°C. The key decomposition product is nitric 
acid, 21 


HN(N0 2 ) 2 -* HN0 3 + n 2 o 

If a larger amount of free DNA is isolated, then decomposition ends with an 
explosion. On the other hand, DNA solutions in water or organic solvents can be 
kept for a long time. DNA is one of the strongest mineral acids (pKa = —5.62), 
greatly exceeding in this respect nitric and sulfuric acids and being inferior only 
to several hydrogen halides and perchloric acid. 25 

Another covalent form of DNA was detected from dichloroethane-extraction of 
water solutions generated by the reaction of 65% H 2 S 04 with KN(N0 2 ) 2 (Ref. 14). 
The extracted substance treated with KOH also yielded KN(N0 2 ) 2 , although it 
had a UV spectrum (A. max = 243-250 nm) and an IR spectrum (1515, 1 190 cm -1 ) 
different from true DNA (A. max — 223 nm) and DNA salts (A max — 285 nm). The 
absence of absorption in the IR spectrum of this DNA form in the region of 
nitramines with electron-acceptor substituents (1150-1650 cm -1 ) indicates that 
it is not the trivial aci-form. By analogy with the acetylacetone structure and 
with respect for some regularities in spectral characteristics, this DNA form was 
assigned a cyclic structure of the aci-form but with the proton equally bound to 
two oxygen atoms of separate nitro groups 23 : 


°v_ 

/'A 

N O 
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DNA salts of metal ions (with the exception of the mercury derivative) have 
the ionic structure. Each possesses characteristic absorptions in the IR spectrum 
(1520-1540, 1430, 1180-1210, 1010-1035 cm-') and UV spectrum [k max =223, 
285 ( s 5640 1 mol -1 ), shoulder 335 nm] (Refs. 10 and 22). Quantum chemical 
calculations for the free anion N(NC> 2)2 point to the structure with equal nega- 
tive charge distribution between two nitro groups. 26 On dissolution, however, the 
initial anion structure distorts 22 27 as a result of the low-energy barrier to rotation 
around the N-N bond. 27 The nature of counter ion strongly influences the anion 
structure in the crystal lattice and, hence, the distribution of the negative charge. 
Judging from bond lengths and angles, the negative charge in the crystalline am- 
monium and hydrazinium salts of DNA is delocalized over the two conjugated 
nitro groups, whereas in the K + salt it is chiefly concentrated on one of the NO 2 
groups. 25 

The counter ion greatly affects not only the anion structure but also the properties 
and the very possibility of synthesis. As mentioned earlier, DNA forms salts with 
mono- and divalent metals of the I, II, VII, and VIII groups. They normally repre- 
sent crystalline substances stable at ambient temperature with rather low melting 
(5Q-130°C) and decomposition (60-160°C) points. Attempts to obtain individual 
DNA salts with Cu 1 , A1 , Cr tn , and Fe 111 failed, apparently due to their low thermal 
stability. DNA salts are normally readily soluble in water, alcohols, acetonitrile, 
and other polar solvents. 21 

A special place in the series of DNA metal derivatives (as well as in the series 
of metal derivatives of polynitro alkyl compounds) is occupied by the mercury 
derivative. This compound is covalent in the crystal state and nonpolar solvents 
and, according to the UV spectrum (A. max = 250 and 217 nm), IR spectrum (1610, 
1530, 1285, and 1220 cm -1 ), and Raman spectrum (1590-1620, 1518-1438, and 
1214-1220 cm -1 ), the mercury atom is bound to oxygen atoms. 28 The mercury 
derivative has the dissociated ionic structure (UV spectrum: A. max = 285 nm) in 
dilute aqueous solutions. DNA yielded stable salts with most of the nitrogenous 
bases studied, including ammonia; hydrazine; hydroxylamine; primary, secondary, 
and teritary amines; quaternary aliphatic bases; various aromatic and heterocyclic 
amines; amidines; guanidines; and aromatic diazo compounds. 22 Like the salts of 
metal ions, as a rule they are also colorless crystalline substances with low melting 
(15-150°C) and decomposition points. Salts of primary aliphatic amines decom- 
pose at 120-140°C. The highest melting and decomposition points (175-228°C) 
are specific to the quaternary ammonium and hydrazonium salts. Alternatively, 
salts with weak bases (urea, double salts with methylene diamine and hydrazine, 
aminotetrazole, and diaminofurazan) could not be synthesized in the pure state due 
to their instability. Ammonium salts of DNA dissolve readily in water and polar 
solvents. Some salts are highly hygroscopic whereas others are not. The mechan- 
ical impact sensitivity of these salts varies over a wide range, from insensitive to 
rather dangerous to handle. The latter category primarily consists of the hydrazine 
and triaminoguanidine salts. 22 

ADN, which is most important for practical use, occupies a somewhat bother- 
some position with respect to safety. Its melting point is 92-94°C, density is 1 .83- 
1.84 g/cm 3 (Refs. 25 and 29), and decomposition onset temperature is ~135°C. 
However, ADN is rather sensitive to impact and in this sense is a typical sec- 
ondary explosive. Therefore, it should be handled with a high degree of caution, 
particularly in the presence of organic solvents having high salt concentration. 
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IV. Chemical Properties of DNA and Its Salts 

We have already discussed the most practically significant reactions of DNA 
and its salts. These are the reaction of DNA with bases resulting in DNA salts, 
reaction of DNA salts with acids producing DNA, and reactions with salts and 
bases leading to cation substitution in the starting DNA salt. Reactions of free 
DNA were investigated with diazomethane and with olefins having an activated 
multiple bond. Diazomethane reacts readily with DNA in ether solution to produce 
the N-methylation product with a 30% yield 16 : 

(0 2 N) 2 NH + CH 2 N 2 MeN(N0 2 ) 2 

The reaction of DNA with activated olefins was explored in more detail. It was 
found that DNA, like strong acids, easily adds in rather high yield without catalysts 
to unsaturated carbonyl derivatives (acrolein, vinylmethyl ketone and vinylphenyl 
ketone) and forms carbonyl-substituted N,N-dinitramines 7 : 

(0 2 N) 2 NH + CH 2 = CHA -> (0 2 N) 2 NCH 2 CH 2 A 

53-85% 

where 

X = CHO, COMe, COPh 

Additions of DNA to methylacrylate or acrylonitrile, however, have not been 
achieved, either with or without base catalysts. 

Reactions of DNA salts were studied more systematically than pure DNA. An 
ability to form hydrates is intrinsic to many salts. 21 Highly stable hydrates were 
obtained with copper (II), manganese (II), iron (II), cobalt (II), and nickel (II) 
salts of DNA. A portion of the water of crystallization remains even after long- 
term vacuum drying over P2O5. These conditions, however, make it possible to 
obtain the lithium salt in the water-free state. The ability to complex is gener- 
ally characteristic of DNA salts, and it should be taken into account even when 
carrying out reactions in common solvents. The Na + salt of DNA, for example, 
was found to form a stable complex with dioxane, and AgN 3 0 4 does the same 
with acetonitrile (Ref. 21). The formation of complex Ag 1 , Cu 11 , Ni n , or Hg 11 salts 
of DNA with N-donor ligands, namely, ammonia, pyridine, morpholine, and ani- 
line, causes no particular difficulties. 11,21 Using Hg(N 3 0 4 ) 2 as an example, we 
demonstrated the possibility of introducing trimethylphosphine and dimethylsul- 
fide into such reactions. It is interesting that the mercury-dinitramide bond changes 
from covalent to ionic on the formation of Hg(N30 4 ) 2 complexes with aniline, 
pyridine, triphenylphosphine, and dimethylsulfide. Yet, while complexing with a 
weaker donor ligand, for example, diethylmalonate, the character of the bond is not 
altered. 11 

A more intricate complex is worth mentioning, 20 which features a bond be- 
tween the metal of a coordination complex and the central nitrogen atom of 
DNA: 

Re(bpy)(CO) 3 OS0 2 CF3 4- HN(N0 2 ) 2 fac-Re(bpy)(C0) 3 N(N0 2 ) 2 

There are several reasons why alkylation stands among the best-understood 
reactions of DNA salts. The necessity arose for proving the relative positions of 
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heteroatoms in the DNA anion. For this purpose, and to produce methyl-N,N- 
dinitramine, which was a known compound at the time, AgN 3 0 4 was reacted with 
methyl iodide. This result showed that the two nitro groups were bound to the 
nitrogen central atom in anion 6 : 

AgN 3 0 4 + Mel -> MeN(NC> 2)2 

The use of substituted alkyl halides in this reaction made it possible to form pre- 
viously unknown alkyl-N,N-dinitramine derivatives (ADA). The reaction was of 
even greater interest for paving the way to a new class of compounds, namely, 
the N-alkoxy-N'-nitroidazen-N-oxides (ANDO), which were unknown and po- 
tentially have high-energy content. The possibility of carrying out alkylation and 
controlling its direction proved to depend considerably on the DNA salt cation 
and alkyl halide. 16 AgN 3 0 4 reacts with methyl- or allyl iodide yielding respective 
alkyl-N,N-dinitramines with 16-50% yield: 

AgN 3 0 4 + RI -► RN(N0 2 )2 


where 


R = Me, allyl 

A mixture of ADA and ANDO is formed when EtI and i -PrI are used, with ADA 
prevailing in the case of EtI and ADNO in that of /-PrI: 

RI + AgN 3 0 4 -* RN(NO,) 2 + RON = N - N0 2 

O 


where 


R = Et, i-Pr 


If /-PrBr and 1-AdBr are used in the reaction, O-alkylation products merely result 
according to the IR spectrum: t(N02) 1620, 1290-1295 cm -1 ; v[0N(0) = N] 
1550-1555, 1220-1235 cm' 1 ): 

RBr + AgN 3 0 4 RON = N - N0 2 
O 


where 


R = i- Pr, /-Ad 

KN(N0 2 ) 2 does not react with Mel because of the low nucleophilicity of the 
DNA anion. This barrier can be overcome by using more activated alkylating 
agents. For example, KN(N02)2 reacts vigorously with triethyloxonium tetraflu- 
oroborate, resulting in the mixture of N- and O-alkylation products, the former 
prevailing 16 : 

KN(N0 2 ) 2 + Et 3 0+BF- EtN(N0 2 ) 2 + EtON = NN0 2 

i 

O 
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The generation of the N-alkylation product was observed in the reaction of 
CsN(N0 2 ) 2 with methyl triflate as well 10 : 

CsN(N 0 2 ) 2 + Me0S0 2 CF 3 -> MeN(N0 2 ) 2 

Chloroalkyls react with DNA salts when the atom with the unshared electron pair 
(oxygen or nitrogen) is in the a position to the halogen atom. The most active 
derivatives of this type also react with KN(N0 2 ) 2 . Only N-alkylation products 
were achievable in all of the mentioned cases. 16 

ROCH 2 CI + MN(N0 2 ) 2 ROCH 2 N(N0 2 ) 2 

where 

R = Me, z-Pr, M = K, Ag 


NCHjCI + AgN(N0 2 )a -> NCH 2 N(N0 2 ) 2 

R X R ^ 


R = Me, R' = NOo 



Exciting results were obtained in the alkylation of Hg(N 3 0 4 ) 2 by alkyl iodides. 11 
Mixing of these reagents in ether led to the formation of solid or liquid insoluble 
adducts, which transformed to red Hgl 2 and a mixture of N- and O-alkylation 
products in 10-15 min: 

10-15 min 

Hg(N 3 0 4 ) 2 + RI *• [Hg(N 3 0 4 ) 2 • nRI] 

-> RN(N0 2 ) 2 + RON = NN0 2 + Hgl 2 

i 

o 


where 


R = Me, Et, n-Pr, zz-Bu, z-Pr 

Hence, the interaction of alkylating agents with DNA and its salts may result in 
N- (ADA) and O- (ANDO) alkylation products or their mixture. The DNA anion 
reveals dual reactivity in these reactions. ADA and ANDO are oillike substances 
having low stability. 

Hg(N 3 0 4 ) 2 has rich synthetic potential. In addition to the preceding alkylation 
and complexing reactions, it readily mercurates aromatic compounds and com- 
pounds with mobile hydrogen atoms yielding mercury derivatives of aromatic 
and aliphatic compounds containing the dinitramide fragment. 11 A rather compli- 
cated system of consecutive and parallel processes is observed in the reaction of 
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Hg(N 3 0 4 ) 2 with olefins. These processes result in A-, B-, C-, D-, or E-type com- 
pounds, depending on the nature of the olefin and medium used. 11 The following 
scheme gives a general picture: 


Hg(N 3 Q 4 ) 2 + 




(0 2 N) 2 N-C-C-HgN 3 0 4 0 2 N-N=N-0-C-C-HgN 3 0 4 0-(C-C-HgN 3 0 4 ) 2 

II oil ' ’ 


D 


E 


B 


V. Conclusions 

DNA salts are important practically as high-performance components for highly 
energetic formulations, and are theoretically interesting as a new nitrogen-oxygen 
system. Moreover, they are promising as new reagents that expand opportunities 
to synthesize previously unknown classes of organic and inorganic substances. 
The research efforts discussed show that organic and inorganic methods for pro- 
ducing DNA salts, structure of DNA and its salts, and their key physicochemical 
properties and chemical reactivities have been thus far appropriately and system- 
atically investigated. Yet the practical usability of DNA salts is still evolving, with 
a view toward cost effectiveness and production safety in the synthesis of DNA 
salts; the isolation and purification techniques; and the creation of new, efficient, 
ecologically safe, high-energy formulations in rocket engineering. 
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Hazards Associated with Solid Propellants 
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I. Introduction 

S OLID propellants obviously contain significant stored potential energy. If that 
energy is inadvertently released, whether by inadvertent combustion, explo- 
sion, or detonation, significant loss of life and property may occur. The Appendix 
is a compilation of incidents involving energetic materials. Table A1 shows the 
tremendous costs associated with incidents. 

Hazard of solid propellants is not a new topic: Humans have been concerned 
with hazards of energetic materials almost with the advent of the earliest gun pow- 
ders. Indeed the authors, and many others, have published several lengthy works 
on this topic (for example, see Refs. 1-5). In this chapter we are concerned with 
the hazards associated with propellants having hazard class 1 . 1 (mass detonating) 
and 1.3 (mass fire). Whereas the primary threat to 1.1 propellants is detonation 
caused by mechanical shock and propagation to adjacent rounds, the major hazard 
of 1.3 propellants is inadvertent ignition, flame spread, and combustion, occa- 
sionally with explosion. Many of the injuries and fatalities associated with solid 
propellants are due to fire that propagates so fast that people cannot escape. The 
insensitive munitions (IM) programs have reduced severity of reaction (in some 
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cases from detonation and violent explosions down to burning) and have increased 
the time for the ship crew to mitigate reactions. However, fire, while passing the IM 
requirements, remains a major concern. Historically many ships have been lost to 
fire, often after surviving the blast and fragments from the warhead. The U.S. Navy 
has lost more ships due to fire than due to blast. Therefore, part of the motivation 
for presenting this work is to show that a 1.3 hazard classification propellant is 
neither totally safe nor without hazard. 

When considering safety and hazards the following equation must considered: 

sample + stimulus (i) + environment — > response 

Many fields of science and technology make use of this logic: control the sample, 
stimuli, and environment; change one variable at a time; determine the change in 
response. Unfortunately, in hazards work, an undesired response occurs, such as 
fire, explosion, detonation, and one must infer the conditions of sample, stimuli, 
and environment that produced that response. It is not easy, and often impossible, 
to discern the causative factor(s), especially if the event destroyed much of the 
evidence. The problem is made worse if there was loss of life and equipment 
resulting in litigation and secrecy. If this is not bad enough, it is compounded 
by the probabilistic nature of hazards where the occurrence of once in a hundred 
may be a severe risk, but once in a million is frequently felt to be acceptable 
risk, depending on severity of the accident. Because weapons are expensive, the 
tendency is to test as few of as possible. This may give a false sense of security 
because of the probabilistic nature of the hazard response as discussed in Ref. 1 . 

The following discussions primarily concentrate on the sample, that is, the 
propellant considerations. However, sight should not be lost of the importance of 
stimuli and environmental considerations; they are very important. 


II. Hazard Classification 

Several documents describe the hazard classification of propellants (Refs. 6 and 
7, for example). Propellants usually fall within class 1 , explosive materials, and 
usually are either class 1.1 (mass explosion) or 1.3 (mass fire minor blast or frag- 
ment). Propellants and explosives are classified primarily for 1) transportation, to 
protect the public when items are shipped by rail and/or over public highways, and 
2) storage, primarily for siting facilities to determine quantity-distance relation- 
ships to minimize the level of violence and spread of reaction. Hazard classification 
is not necessarily a measure of vulnerability or lethality. 

The test that usually determines whether a propellant is hazard class 1.1 or 
1.3 is a card-gap test. The U.S. standard test for interim hazard classification of 
propellants is shown in Fig. 1 and consists of the sample contained in a 1 .44-in.- 
diam steel tube. The donor charge is separated from the sample by poly methyl 
methacrylate (PMMA) cards. Originally the test used playing cards, hence, the 
term cards. At the other end of the tube is a steel witness plate. A clean hole 
punched in the witness plate was taken as evidence of a detonation. The standard 
that has been used in the past has been 70 cards (0.7 in.) of PMMA to differ- 
entiate between 1.1 and 1.3. If a hole was punched in the witness plate with a 
gap of 70 cards or greater, then the sample was considered to be 1.1. If no hole 
was punched at gaps of 70 cards or less, then the sample was considered to be 
1.3. [Note that the latest version of TB-700B/NAVSEA 8020.8B (Ref. 7) requires 
a zero card configuration and 1.44-, 2.875-, and 8-in.-diam gap tests.] Whereas 
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WITNESS PLATE 
0.95 cm THICK . 

TONGUE DEPRESSOR 

STANDOFF \J ^ 
ACCEPTOR 3.65 cm DIAMETER 
IN STEEL TUBING 


GAP MATERIAL PLEXIGLASS 

TWO PENTOLITE PELLETS EACH 
5 cm DIA X 2.54 


CAP HOLDER 
(WOOD BLOCK) 


J2 DETONATOi 



Fig. 1 Standard Naval Ordnance Laboratory gap test. 


explosives usually were 1 . 1 , the propellants based on ammonium perchlorate (AP), 
both metalized and reduced smoke formulations, had no problem passing the 
card-gap test, even at zero cards because of the large critical diameter (see sub- 
sequent discussion) of these formulations. As explosives have become less sensi- 
tive, that is, their critical diameters have increased, larger scale (up to 8 in.) gap 
tests have been used. As will be discussed, the critical diameters of some propel- 
lants, primarily high-energy, high-performance propellants, have become modest 
or small. 

What is the relation between the card-gap test, cards, and hazards? As just 
noted, the card-gap test is used to rank the detonability of propellants and explo- 
sives, primarily for storage and handling considerations. Large card gaps indicate 
higher sensitivity. However, classification for storage and handling almost always 
assumes the worst case, in which a sufficiently strong mechanical shock stimulus 
is available. Fortunately for most propellants and explosives, a very high level 
of mechanical shock (tens of kilobars or greater) is required to initiate detona- 
tion. The card-gap test with 70 cards delivers about 70 kbar to the sample. Zero 
card gap results in approximately 200-kbar input to the sample. The likelihood 
of a propellant or explosive actually seeing shock levels of this magnitude during 
manufacturing, shipping, and handling is remote. 


III. Critical Diameter/Shock Sensitivity 

Although the card-gap test is useful for ranking the sensitivity of explosives, 
it may give a false sense of security when applied to propellants. This is largely 
due to critical diameter considerations. The critical diameter is the diameter of 
the sample that must be shocked at sufficient magnitude for a stable detonation 
to propagate through the material. If the sample size is bigger than the critical 
diameter, then a detonation can propagate. If the sample diameter is less than the 
critical diameter, then the detonation will lose energy and fail to propagate. The 
critical diameter is affected by confinement; the critical diameter for a heavily 
confined sample is about one-half that of an unconfined sample. Propellants based 
on ammonium perchlorate (AP) tend to have large critical diameters that are many 
times larger than the standard gap test. When tested in the gap test, they do not 
detonate even at zero cards. This only indicates that they have a larger critical 
diameter than the test device. However, it does not mean that they are nondetonable. 


224 


T. L. BOGGS ET AL. 


Almost all propellants are detonable given a large enough sized sample and large 
enough booster. Tests are, therefore, needed on samples in a size larger than their 
critical diameter, if practical. This obviously necessitates testing to determine the 
critical diameter (or at least that the critical diameter is larger than some value of 
concern). In the past, the critical diameter of the energetic material was determined, 
and then samples having diameter greater than the critical diameter were tested. 
This worked well for explosives and double-base propellants that had relatively 
small critical diameters, but was more difficult for AP-based propellants. The AP- 
based propellants had large critical diameters, often larger than the tactical motor 
diameter, so why bother testing for critical diameter? Why bother testing these 
propellants in the gap test at all? 

As the need for performance increased, high-energy ingredients like cyclo- 
trimethylenetrinitramine (RDX) and cyclotetramethylenetetranitramine (HMX) 
were added to the AP-based propellants. The addition of nitramines decreased 
the critical diameter of the propellants. An interesting “game” ensued. Formula- 
tors added HMX until they failed the card-gap test, and then decrease the HMX 
loading until they passed the card-gap test. However, were these propellants truly 
1.3? The answer is technically yes, but if they were loaded into a large tactical mo- 
tor, the motor was often detonable. Some of these gamed propellants also showed 
interesting nonideal detonation behavior as will be discussed. 

There are many ways of testing for critical diameter/critical dimension. One 
method is to test various sized cylinders and determine which diameters support a 
detonation and which do not. This may be a costly trial and error method. In an effort 
to short cut this process, Gibson 8 developed a tapered wedge technique, as shown 
in Fig. 2. Graham, 9 using this technique, studied some of the gamed 1 .3 propellants 
and found the interesting results shown in Fig. 2. He tested 36-, 24-, and 16-in.- 
long tapered wedges. The 36-in.-long wedge was overdriven with the detonation 
wave traveling at 8.8 mm/^s. The wave velocity diminished to 2.2 mm//is at the 
18-in. distance (distance measured from the tip back into the wedge). From 18 to 
4 in., the wave traveled at a constant velocity of 2.2 mm//is (above sonic speed 
of 2.05 mm/ /is for this propellant), until it diminished in strength insufficient for 
the crush gauge to record. This corresponded to an apparent critical dimension 
of approximately 1 in. When the 24-in. wedge was tested, similar results were 
seen. The overdriven wave decreased to a velocity of 2.6 mm/ /is (above sonic) 
and ran at constant velocity from the 18-in. length to the 5-in. length, where 
again there was insufficient strength to crush the gauge. This corresponded to a 
critical dimension of 1 . 1 in. The results for the 1 6-in. test showed a shock wave of 
1.6 mm//is running to a critical dimension of 1.26 in. Whereas the reactions for 
the first two tests were running at velocities barely above sonic, they were more 
akin to detonations (crushed gauges and removed and flowed metal witness plate) 


INITIATE AT 



Fig. 2a Critical dimension test. 
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Fig. 2b Test results of high-energy 1.3 propellants. 


than to explosions. Obviously these propellants, even though technically 1 .3, when 
loaded into a large diameter motor produced a motor capable of extremely violent 
reaction. 

Before leaving the discussion of response to mechanical shock, the role of 
damage needs discussion. Work performed that is described in Refs. 9 and 10 
showed a marked increase in shock sensitivity of 1.1 propellants that had been 
slightly damaged (a few void percent), as seen in Fig. 3. Not only was the shock 
required to initiate the detonation decreased by a factor of 2, but the critical diameter 
decreased as well. Whereas Graham 9 and Boggs et al. 10 studied samples that had 
been previously damaged and then tested, Sandusky did shock experiments on 
freshly damaged propellant and also found increased sensitivity. 

Lindfors performed one-dimensional shock experiments on a 1.3 propellant 
(88% solids). The material was strained to 5, 10, and 15% resulting in void volumes 
of 0.2, 0.5, and 1.7%, respectively. The onset of reactivity (shock pressure) was 
subsequently determined for each void volume, including the pristine material. 



Fig. 3 Effect of damage on shock sensitivity of 1.1 propellant. 
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PERCENT VOIDS 


Fig. 4 Normalized reactivity pressure and percent strain with respect to void volume. 


The pressure required to induce reactivity was then normalized to the pressure for 
reactivity in the pristine material. Both normalized pressure and strain are plotted 
with respect to void volume in Fig. 4. 

Figure 4, shows that small strains induce relatively small void volumes in the 
material, which in turn leads to a drastic reduction in the pressure required to 
induce reactivity, that is, a 15% strain yields a 1.7% void volume, which reduces 
the pressure required by a factor of 6. 

Though the reactivity measured may not be a classical detonation, it was indeed 
a steady-state, high-pressure, reactive front. Thus, small amounts of damage may 
lead to disastrous consequences in a large rocket motor handling accident. 


IV. Bore Effect 

Propellants often have a center perforation or bore that can have a significant ef- 
fect depending on whether the propellant was mechanically shocked along or trans- 
verse to its bore. Mechanical shock along the axis of the bore can have markedly 
different effects. Tests were performed in which a solid cylinder of propellant was 
mechanically shocked. The response was relatively mild. However, when a same 
diameter cylinder, except with a cylindrical perforation the length of the cylinder, 
of that same propellant was shocked at the same level, extremely violent reactions 
occurred. Some of the Project SOPHY (Ref. 11) test results showed a similar bore 
effect. 

Impacts transverse to the bore have been studied by Finnegan in bum to violent 
reaction tests. Finnegan and coworkers investigated phenomena in an idealized 
one-dimensional geometry. They fired fragments at a target consisting of metal 
cover to simulate the motor case, slab of propellant, air gap, propellant, and metal. 
They found that as the projectile penetrated the first slab of propellant it damaged 
the propellant, and a debris cloud moved across the air gap. When this debris cloud 
impacted the second propellant slab, it usually ignited and, depending on the gap 
and the propellant material, would either bum vigorously or detonate. Finnegan 
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found that there were three regimes of detonation reaction depending on the bore 
spacing: one region of prompt, shock-induced reaction and two regions of delayed 
(50+ ms after debris cloud impacted second surface) reaction. From these studies 
Finnegan concluded that 1) some confinement (albeit very slight) was necessary 
to achieve these delayed detonations; 2) the second surface did not have to be live, 
it could be inert and still cause the delayed detonation; and 3) the reaction required 
the live debris cloud from the first slab, a second surface that could be inert, and 
the projectile. Tests with a hole on the second side, so that the debris cloud ahead 
of the projectile and the projectile, would pass through the hole and not impact the 
second side, resulted in no delayed detonations. In addition, Finnegan performed 
a limited number of tests where the second side was either concave or convex. 

Finnegan’s test is of interest because it mimics responses of ordnance items to 
bullet and fragment impact. Those items that detonate in the large-scale test also 
detonate in Finnegan’s test, whereas those that violently bum in the large-scale 
tests also did so in Finnegan’s test. When Nouguez et al. 12 fired a bullet through the 
propellant web, it caused no detonation, whereas when a similar bullet at the same 
velocity went through the bore, it caused detonation. These phenomena have been 
incorporated into the bullet/fragment impact hazard assessment protocol. 3, 13,14 


V. Delayed Detonation (XDT) 

Finnegan’s work and that of Nouguez et al. 12 showed evidence of delayed det- 
onation. Other studies, including some shock input tests (NOL card-gap tests), 
some impact (shotgun, projectile impact, and multiple impact) initiation tests and 
piston-driven compaction tests have also shown delayed detonation (XDT). It is 
called delayed detonation because the resultant detonation occurs at a time later 
than the normal transit time of the shock through the material. These reactions not 
only occur at times longer than associated with prompt shock to detonation, but 
of more significance to hazards and safety, they occur at lower stimuli (as much 
as 50% lower impact velocity thresholds and an increased number of cards in 
the card-gap test) and they typically are more violent than corresponding prompt 
shock to detonation transitions. These effects are shown in Figs. 5 and 6. Other 
studies have also shown that the velocity threshold required for XDT as being 
much lower than that required for prompt shock-to-detonation transition (SDT). 
Also tests in France showed the output pressure of XDT as always greater than that 
of SDT (generally 30% or more). (It has been suspected that XDT-type reactions 
have been involved in some large-scale mishaps. In these instances, large rocket 
motors burst, expelling propellant from the motor and causing it to impact on the 
adjacent test cell components/walls. Although the impact levels were thought not 
high enough to cause prompt shock to detonation, it is likely that XDT occurred, 
causing widespread destruction.) 

VI. IM Fragment and Bullet Impact Tests and 
Sympathetic Detonation Tests 

Obviously rocket motors containing 1 . 1 propellants are more sensitive than their 
1.3 counterparts in the IM fragment and bullet impact testing. This is largely due 
to the 1.1 propellants having smaller critical diameter and lower initiation thresh- 
olds than their 1.3 counterparts. This also carries over to the area of sympathetic 
detonation. However, remember that the IM tests simulate hazards weapons are 
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Fig. 5 Overpressure vs impact velocity for direct impact tests (B)ommer as cited in 
Ref. 3). 

likely to encounter in operational scenarios. Propellants that pass the IM bullet and 
fragment tests still may pose significant hazards in their manufacture, handling, 
and storage. These are primarily in the area of fire. 


VII. Ignition 

Ignition begins every combustion process and must be properly addressed when 
a controlled combustion process is to be initiated, and it must be reliably prevented 
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Fig. 6 Card-gap test results showing SDT and XDT (Keefe as cited in Ref. 1). 
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Fig. 7 General log energy flux vs log time plot of ignition process. 


if accidental fires and explosions, such as the inadvertent ignition of catocene 
propellants that caused fatalities, are to be avoided. 

Solid propellant ignition is both a process and the successful completion of 
that process. As a propellant sample is externally heated, the surface temperature 
increases and a thermal profile builds within the sample. When gasification of the 
sample begins, the gaseous products begin to react exothermically. This heat release 
increases the gas temperature and, thus, the reaction rates. With additional heating 
and accumulation of gas phase species, a flame is established, and the flame will 
snap back toward the propellant surface. At this point, the flame provides sufficient 
energy for propellant pyrolysis, the external heat source is no longer necessary, 
and the ignition process is complete. These processes are graphically illustrated in 
the general log flux-log time, ignition plot shown in Fig. 7. 

For a given energy level (dotted line in Fig. 7), a series of events are shown 
at various times when the sample is subject to the given flux. For some initial 
time, nothing appears to be happening. If the energy flux is terminated during 
this time and the sample examined, no significant decomposition of the exposed 
surface is seen. Figure 8a shows a sample of a high-energy propellant containing 
nitramine that was subjected to 200 cal/cm 2 s for a time just prior to first gasifi- 
cation (evidenced by first light detected by a photodiode). No significant reaction 
occurred, but a thermal profile was being established within the solid. It is not until 
the first gasification time is achieved that the sample starts to decompose signif- 
icantly. The flux established and deepened the thermal profile in the solid until a 
surface temperature was reached that caused significant ablation/decomposition at 
the surface. For exposures slightly longer than the time necessary for this initial 
gasification, the sample continued to gasify but did not ignite in the classical sense. 
That is, if the external energy flux was removed, the sample would cease gasifying, 
the temperature profile in the solid would collapse, and the sample would cease 
regressing. Figure 8b is a sample subjected to 200 cal/cm 2 s at a time just after 
first gasification (as evidenced by first light) and shows some decomposition of 
the surface, whereas Fig. 8c shows another sample at 200 cal/cm 2 s and a time 
just less than that required for go/no-go ignition. This sample shows significant 




Fig. 8 Nitramine-based propellant exposed to radiant energy flux: a) prior to first light/gasification, b) just after first 
light/gasification, and c) at a time preceding go/no-go or complete ignition. 
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decomposition. Ignition was not achieved until the conditions of flux time associ- 
ated with the line indicated as go/no-go ignition in Fig. 7 were achieved. At this 
time, and for longer exposure times, the sample was ignited in the sense that if 
the external energy flux was removed, the sample would continue to burn by itself 
without the external stimulus. 15 There is another region of overdriven combustion, 
higher fluxes and steeper thermal profiles, where sudden removal of the flux will 
also cause the sample to extinguish. 16 

Figure 7 is a generalized depiction of the ignition process. It defines three regions 
separated by two lines: inert heating region, first gasification line, preignition 
region, go/no-go ignition curve, and self-sustained combustion region. The location 
of these lines and their relation to the described regions depends on many variables. 
Propellant formulations, external energy level, and test pressure all affect the time 
between the establishment of the thermal profile and self-sustained combustion. 

Exposing a solid propellant to high-energy levels may not be sufficient to initi- 
ate combustion. Some investigators exposed propellant to very high-temperature 
gases produced by a shock tube. They were surprised when the propellant failed to 
ignite. While they had high temperatures and high heat flux, they did not have suffi- 
cient time. Instead of igniting, the propellant was simply scorched, and the surface 
layer ablated. The preignition region is important in that it is in this region that the 
solid has gasified into reactive intermediate species (pyrolysis products), but these 
intermediate species have not reacted to final products; thus, self-sustained com- 
bustion has not been attained. Unfortunately, many investigators view propellant 
ignition as simply a switch based on a critical surface temperature of the solid. 
When this ignition criterion is satisfied, these people assumed that an instanta- 
neous change occurs from a nonreacting inert solid to burning at steady state with 
fully reacted gases at the equilibrium flame temperature. Whereas this criterion 
may be useful for some AP-rubber propellants where the samples ignite almost 
immediately after first gasification, it is not reality for all solid propellants and 
test conditions. Concepts, such as minimum ignition energy or critical ignition 
temperatures, have been introduced. In some limited instances, they have certain 
merit despite that their meaning is equivocal and important boundary conditions 
are usually ignored when applying the data in other situations. In general, AP- 
based propellants tested at ambient pressures of a few to several atmospheres, 
even at relatively high flux levels, show little or no detectable difference between 
go/no-go and first light/first gasification. Nitramine-based propellants under simi- 
lar conditions, display significant preignition behavior. 17 Preignition behavior can 
be demonstrated in the AP-based propellants by increasing the flux level and de- 
creasing the test pressure. 17 

The effects of heat flux and pressure are shown in Fig. 9 for a predominantly 
AP-hydroxyl-terminated polybutadiene (HTPB) propellant. The effect of flux is 
clearly seen for the first gasification line and the various go/no-go lines. The effect 
of pressure is also clearly shown. Because the first gasification is essentially the 
ablation of the solid and primarily dependent on surface temperature, pressure 
should have little or no effect on this line. However, the rate of conversion of 
pyrolysis products to final reaction products is very pressure dependent, and the 
go/no-go ignition locus reflects that pressure dependence. The region of preignition 
reactions discussed earlier (the difference between first gasification and go/no-go 
lines) is clearly evident for the 50 psia case, as is the diminution of the preignition 
region with pressure increase to 100 and 200 psia. 
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Fig. 9 Effect of flux and pressure on ignition times of AP-HTPB propellant. 


Similar behavior, but with even more pronounced preignition, is shown in the ig- 
nition map for a composite modified double-base propellant (Fig. 10). Propellants 
incorporating high nitramine loading also display this pronounced preignition be- 
havior. 

The implications of the preignition region on deflagration-to-detonation transi- 
tion and other transient combustion related hazards has been discussed in 
Refs. 3-5, 15, and 16 and is shown in the later section on deflagration-to-detonation 
transition. 

This is a general overview of ignition due to thermal flux delivered to the surface 
(the examples given were for radiant flux). 
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Fig. 10 Effect of flux and pressure on ignition times of composite modified double- 
base propellant. 
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VIII. Ignition due to Electrostatic Discharge (ESD) 

As shown in Ref. 1, direct thermal ignition is not the only hazard concern. 
Inadvertent ignition associated with electrostatic discharge (ESD) is discussed 
next. These materials address ESD hazards in a bit different fashion than the 
normal laboratory ESD test. 

On 11 January 1985, in Heilbron, Germany, a Pershing II missile having an 
AP/HTPB/A1 propellant (1.3 propellant) loaded in a Kevlar® case ignited and killed 
three people. A probable cause was electric charge buildup caused by separation 
of dissimilar dielectric materials in a cold, dry environment. Another incident, 
involving the pulling of the mandrel from a large cast HTPB propellant (also 
1.3) motor, also resulted in fatalities. This was also attributed to ESD. Recorded 
electrical potentials on a mandrel core may exceed several thousand volts at the 
end of the mandrel pulling operation. 

Much work has been done to investigate the susceptibility of propellants to ESD, 
and the works of Kent and Rat, SNPE, France; Hammett of the United Kingdom; 
Dreitzler of the U.S. Army Missile Command; Lee of the Naval Surface War- 
fare Center, Raun of Hercules (now Alliant Technology); and others should be 
consulted. At China Lake, Covino and Hudson performed work summarized in 
Ref. 18 and discussed next. Much of this work showed that 1.3 propellants (espe- 
cially those using HTPB binder) were more susceptible to ESD hazards than their 
1.1 counterparts. 

When a missile motor is charged to a potential where breakdown occurs, or 
when a change in grounding conditions allows breakdown of the material, elec- 
trical discharge can occur. Discharge generates charge carriers, which reduce the 
impedance of the energetic material, and result in rapid current increase. This can 
lead to arcing, establishment and growth of further discharge, followed by catas- 
trophic discharge. The discharge releases energy, converting a small volume of 
propellant to gas. If enough material is converted and enough heat is generated 
by this decomposition, then the propellant may ignite, often with severe conse- 
quences. 

The major determinants for ESD sensitivity are volume resistivity, dielectric 
constant, and dielectric strength. Covino and Hudson 18 measured these parame- 
ters for HTPB binder, inert HTPB propellants, and live propellants. The volume 
resistivities were measured as a function of temperature, voltage, time of volt- 
age application, relative humidity, and sample thickness. The dielectric constant 
for these materials was measured as a function of temperature, relative humidity, 
sample thickness, and frequency. Neglecting the effects of breakdown voltage, the 
higher the dielectric constant, the more energy can be stored in the propellant, 
and hence increased susceptibility to ESD. This coupled with the low dissipa- 
tion factor for HTPB (many of the 1.3 propellants use HTPB binder) causes ESD 
problems. The dielectric breakdown voltage is the voltage that may be sustained 
across the sample just prior to the transition from nonconductive to conductive. 
The dielectric strength is the dielectric breakdown voltage divided by the sample 
thickness. 

The results of Covino and Hudson’s work 18 was applied using the percola- 
tion calculations advocated by Kent and Rat. 19 The results show that the overall 
electrical properties of the propellant were most influenced by the HTPB binder 
and to a lesser extent by die concentration and particle size of the aluminum 
powder. The contribution of the oxidizer particles was primarily in determining 
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the spacing of the aluminum particles and the thickness of the binder layer between 
particles. 


IX. Ignition due to Impact and Friction 

Propellants are routinely tested for their susceptibility of reaction due to friction 
and impact (for example, see Ref. 6). Although these tests are very important in 
considering hazards associated with manufacturing and handling of propellants, 
those tests and the results will not be discussed in this chapter because of space 
limitations. 


X. Other Ignition Hazard Considerations 

In addition to a basic understanding of ignition, two rules of thumb are often used. 

1) Propellants based on AP often ignite as soon as the stimulus causes rapid 
gasification of the propellant. Remember, AP propellants usually have less of a 
preignition region than do double-base or nitramine-based propellants. 

2) Within a family of propellants, the faster the burning rate, the easier it is to 
ignite the propellant. Thus, propellants incorporating bum rate accelerators, such 
as catocene, may be very easy to ignite. 

As with all rules of thumb, the preceding statements have exceptions. 

What are some of the hazards based on the preceding discussion of ignition? 
Obviously propellants that do not ignite at low pressures have some advantages 
in several hazard areas. It is sometimes stated that class 1.3 propellants are inher- 
ently safer than hazard class 1.1 propellants. Although this is true for mechanical 
shock stimuli of tens of kilobar magnitude, it is not always true for other stim- 
uli. Referring to the sample, stimuli, environment yielding response discussion, 
and considering the ignition and combustion sections of this chapter, in many in- 
stances the 1.3 propellants can be more hazardous than 1.1 propellants. AP-based 
propellants (almost always class 1.3) are often easier to ignite in terms of the en- 
ergy flux necessary to cause decomposition and can ignite almost simultaneously 
with decomposition. In contrast, the nitramine-based propellants (often class 1.1) 
show large, pressure-dependent delays between decomposition and self-sustained 
combustion. The AP-based propellants usually bum at 1 atm, whereas nitramine 
propellants often do not bum well, if at all, at 1 atm. 

As discussed earlier, many of the AP/HTPB/A1 propellants (usually 1.3 propel- 
lants) show high ESD sensitivity and may result in incidents and deaths. 

There are other sample types that may have relatively high hazards in some 
situations, even though they have a hazard class 1.3: for example, some AP-based 
propellants containing catalysts such as catocene, or some AP-based propellants 
incorporating fine aluminum fuel. 

The purpose of these remarks is not to say that one material is safer than an- 
other: there are hazards associated with all propellants, and they must be handled 
accordingly. Just because a propellant is classed as 1.3 does not mean that it is 
insensitive to all hazard stimuli. You cannot treat it as if it were inert. 

As shown in Ref. 1, propellants with significant preignition behavior, friabil- 
ity, and shock sensitivity are extremely susceptible to deflagration-to-detonation 
transition (DDT) and other forms of delayed detonation. 
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XI. Combustion 

The pressure-time history of propellant burning in a closed (or semiclosed) 
container is a function of several considerations and can result in propulsion, 
explosion, and even transition to detonation. As shown in the fragment impact 
hazard analysis protocol, 1,3,4 the balance between gas generation vs gas venting 
determines whether an explosion can occur. Similarly, a DDT can occur if several 
conditions, some related to ignition and combustion, are met. 

The pressure-time history associated with burning an energetic material in a 
closed volume is a function of the mass burning rate, which in turn is a function 
of the propellant density, burning surface area, and surface regression rate (often 
called the linear burning rate or simply burning rate) 

Pit) = f(m , . . .) 

where m is the density x surface regression rate x bum area. However, the surface 
regression rate r is a function of pressure, often given as r = Cp n . For a vented 
system such as a rocket motor, the pressure-time curve will be a function of the gas 
generation rate and the gas discharge rate. There are several factors involved with 
the combustion of a confined energetic material and how that combustion can lead 
to hazardous situations. The pressure-time produced from the combustion of the 
energetic material must be compared to the dynamic mechanical behavior of the 
case, with proper consideration of the venting, to determine the overall response. 

The following sections briefly discuss burning rate and burning area consider- 
ations and refer to more detailed discussions. 


A. Burning Rates of Energetic Materials 

The rate at which a solid is converted to gas during combustion is commonly 
called the burning rate and is a function of pressure as discussed earlier, initial 
sample temperature, and boundary considerations, such as flow past the surface 
(erosive burning). Figure 11, from Atwood and Curran, show burning rates at 
low pressures for a class 1.3 metallized AP-based propellant and a 1.1 metallized 
nitramine propellant. The AP-based propellant bums about twice as fast. Not 
shown on this plot is the behavior at even lower pressure. Whereas the AP-based 
propellant burned well at 1 atm, the nitramine propellant often did not sustain 
combustion at 1 atm. 

Burning rate data are required for hazard assessment protocol considerations 
discussed earlier and in other protocols presented in Refs. 1, 3-5, 17, and 18. The 
data are used in other less obvious ways: 1) The slope of the burning rate-pressure 
curve, when plotted as log-log is the burning rate exponent ( n in the expression 
r — Cp n ) and indicates potential hazards. 2) The temperature and pressure sensi- 
tivity of burning rate, coupled with ignition data, can be used to evaluate kinetic 
parameters that are in turn frozen input variables in transient combustion codes to 
predict convective combustion and DDT. 

Burning rate exponents very near unity and higher are to be avoided because 
the burning rate is very sensitive to changes in the pressure, and a case failure or 
explosion may result. Slope breaks as shown in Fig. 12 often occur at high pressures 
in which the high-pressure portion of the burning rate curve has an exponent very 
near or slightly greater than unity. 
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Fig. 11 Low-pressure burning rates for 1.3 propellant (upper curve) and 1.1 propel- 
lant (lower curve). 


B. Burning Area 

Burning area is an extremely important determinant of the hazard severity given 
inadvertent ignition of the propellant. References 20 and 21 present extensive 
surveys of combustion into defects in energetic materials. Damage is involved 
in many hazard scenarios such as bullet fragment impact, ESD, and some slow 
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Fig. 12 Burning rate as a function of pressure, showing a slope break. 
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Fig. 13 Burning rate of a high-energy propellant as a function of pressure and strain. 
(Note that the propellant was strained prior to burning; thus, any damage was preex- 
isting and held open.) 


cookoff areas. The damage can exist before ignition/combustion or it may accom- 
pany the ignition/combustion. The burning of prestrained (hence, in some cases, 
predamaged propellant) is described next. 


C. Effect of Strain on the Burning Rates of High-Energy Solid Propellants 

High-energy propellants usually have a high portion of solid ingredients such 
as AP, HMX, aluminum, and other ingredients such as solid catalysts. An obvious 
condition accompanying high solids loading is less polymeric binder to hold the 
solid particles together and to provide acceptable mechanical properties. It is useful 
to know how far a propellant can be strained before ballistic anomalies (such as 
burning rate augmentation) become significant. 

The burning rate of a high-energy propellant as a function of strain is presented 
in Fig. 13. The data show that no significant augmentation of burning rate occurs 
for pressures below 500 psi regardless of strain (these propellant samples fail at 
approximately 25% strain). At higher pressures ( p > 750 psi) bum rate augmen- 
tation appears for strains above approximately 8%. At 1500 psi and strains above 
approximately 12%, the sample bums in a vigorous and nonplanar fashion (termed 
flashing) precluding meaningful measurement of a linear surface regression. 

Data for several types of propellants show burning rate increase at pressures and 
strains greater than some threshold values. The magnitude of the threshold values 
depends on the propellant. Note that both threshold values (pressure and strain) 
have to be exceeded, exceeding just one is not sufficient. For example, high strain 
but low pressure will not cause augmentation, nor will high pressure but low strain. 

The mechanical response of the propellants to strain was studied using a binoc- 
ular microscope. If the propellant of Fig. 13 is used as an example, these stud- 
ies showed that at 4% strain, debonds (separation, on a microscale, of the solid 
particle from the polymeric binder) between ingredients occurs. Between 9 and 
1 1% strain, these debonds are often fully developed cracks, with the walls of 
the crack in close proximity. At approximately 16% strain, these cracks are open 
voids; that is, the walls of the crack are no longer in contact with one another. At 
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Fig. 14 Mechanism for the augmentation of burning rate due to pressure and strain. 


approximately 24% strain, the sample is often riddled with large cracks, and the 
sample breaks. 

The preceding discussion of mechanics, coupled with knowledge of flame stand- 
off distance decrease with pressure increase, provide a mechanistic understanding 
for the burning rate augmentation due to strain and pressure. The mechanism is 
shown in Fig. 14. At low-strain values, the propellant is not significantly damaged, 
and so regardless of the flame standoff (Fig. 14, left), augmentation will not occur. 
When the propellant is highly strained and fissured, augmentation occurs if the 
flames can penetrate into those fissures (Fig. 14, bottom right). At low pressures, 
the flame stands too far from the surface to allow penetration (Fig. 14, upper 
right), but at high pressures, the flame is close enough to the surface to penetrate 
the fissures and cause burning rate augmentation. 

Because flame penetration into the defects seems to be required for burning rate 
enhancement, a study was done using propellants that had been strained almost to 
failure and then the tension was removed. The voids closed. When these samples 
with the closed voids were burned, the burning rate was identical to the burning 
rate of the undamaged propellant burned at that pressure. 

These data indicate that under certain conditions strain can cause damage, and 
if that damage is sufficient and open, and if the pressure is high enough to allow 
flame penetration into the defects, then burning rate enhancement can occur. 

Kuo and Kooker 22 have studied the combustion of propellants with various 
cracks and other defects, observing crack growth during combustion. 

In addition to the growth of cracks during combustion, there are other dynamic 
effects. As burning rate increases, the thermal zone gets thinner and the thermal 
gradient gets steeper. Under these conditions many samples, and ingredients within 
samples, crack, allowing combustion into these fissures. Under some conditions the 
cracking is so severe that the sample actually comes apart. Fifer and his colleagues 
at the Army Research Laboratory have extensively studied this deconsolidation, 
and the reader is referred to their works. 

If the propellant undergoes significant break-up then DDT or other burning to 
violent reactions may occur 


XII. DDT 

DDT has occurred during firing of rocket motors. In the early 1960s at Hercules, 
Kenvil, New Jersey, a 10-lb charge of slurry cast cross-linked composite modified 
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Fig. 15 Schema of the DDT process in granular HMX. 


double-base containing AP and HMX was observed to DDT during routine static 
firing. The cause was attributed to microporosity in the grain (R. L. Simmons, 
personal communication, 14 February 1996). In May 1974, at Hercules, Bacchus, 
Utah, a motor underwent DDT during a routine static test firing. The cause was 
attributed to a region of highly damaged propellant produced when the nozzle blew 
out and the motor case snapped back shearing the adjacent propellant. DDT has 
also been observed in granular systems such as gun propellant. 

Bemecker 23 listed the stages of DDT mechanism for porous charges as 1) pre- 
ignition, 2) ignition/conductive burning, 3) convective (reaction) burning, 4) com- 
pressive (hot spot) burning, 5) shock formation, 6) compressive burning, and 7) det- 
onation. McAfee et al. 24 depicted these stages (combining 1-3 and using slightly 
different nomenclature) in the distance-time plane as shown in Fig. 15. 

Whether or not a propellant reaction can transition from a burning reaction to 
a detonation is determined by several considerations. The key requirement for 
this transition to occur is a sufficient surface-to-volume ratio and porosity of the 
energetic sample either through manufacture and loading, in the case of some gun 
propellants, or through large-scale damage in the case of missile propellants. For 
missile propellants the first consideration then is the likelihood of the propellant 
being damaged either before or during the bum. This is a critical consideration 
because, with rare exceptions, it is nearly impossible for a consolidated propellant 
at near theoretical maximum density (TMD) to undergo a DDT reaction. 

Figure 1 6 presents the limits of DDT for granulated propellant samples of a 
given type (see Ref. 1, p. 97). Figure 16 shows that for this propellant formulation 
and confinement at least 49% TMD is required for DDT. Although, if the sample is 
too dense, the DDT reaction will not occur. Similarly a range of surface-to-volume 
ratio (100-700 in. -1 ) is required for DDT to occur. If these conditions, or similar 
conditions for other samples, are not met, then a DDT reaction, for this propellant, 
is extremely improbable. Although transition to detonation may not be probable, 
an explosion may still occur. To determine whether an explosion may occur, the 
pressure and the rate of pressurization caused by gasification must be determined 
and compared to the rupture characteristics of the motor case. 

If the propellant is damaged and if the resulting %TMD and surface-to-volume 
ratio are in the right range, then DDT is likely. Whether or not the DDT occurs 
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Fig. 16 Limits of DDT or granulated propellant samples. 


is determined by the pressure and pressurization rate within the vessel and the 
rupture characteristics of vessel (motor case). If the motor case ruptures too soon, 
then confinement is lost, and the DDT reaction becomes unlikely. (The rupture 
may be a violent explosion.) The rupture characteristics of the vessel need to be 
determined experimentally and/or analytically, but will not be discussed further. 


XIII. Cookoff 

As mentioned earlier, fire is a major concern onboard ship, especially for the 
large aircraft carriers. Operations on a carrier deck are carefully orchestrated events, 
many of them occurring simultaneously, especially during combat. There is the 
launching of aircraft with the high-# forces associated with catapult launch; there 
are the hard, high-speed landings on a moving, small deck (when compared to 
normal landing fields) with rapid deceleration when the tail hook engages the 
arresting cable (sometimes referred to as controlled crashes); there is the race 
between launching aircraft and recovering aircraft, often low on fuel, from the 
previous launches; there are often many planes on deck, in various stages of 
readiness, some being refueled and some being rearmed; there are often bomb 
farms (stockpiled weapons stores on the deck) because you do not have time 
to move enough ordnance from the magazines to the deck and onto the planes 
without stockpiling the items on deck; there are hot-gas huffers used to start en- 
gines; there is handling equipment; and there are people, all on deck, all moving 
around. The potential for fire is extremely high, and the potential of weapons 
to be caught in that fire is also relatively high. There is no place to run and 
hide. 

As presented by Beauregard, 26 from October 1966 to May 1981 there were four 
aircraft carrier accidents that resulted in fires and munition explosions: 220 sailors 
and naval aviators were killed and 708 were injured. In terms of 1990 dollars, there 
were $478 million in ship damage, and $1958million in aircraft damage. 

Cookoff was responsible for the Roseville, California, rail yard fire, and vari- 
ous ammunition dump explosions (also taken from Beauregard 26 ). At Roseville, 
on 28 April 1973, a boxcar carrying bombs caught fire and caused the bombs to 
explode. In the next few hours, 18 boxcars exploded in succession. Fortunately 
no one was killed, but 48 people were injured and there was $24 million in prop- 
erty damage. In 1965, fire and secondary explosions destroyed the ammunition 
dump at Bien-Hoa, Vietnam air base. In March 1965, at the munition storage 
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area at Qui Nhon, fire and secondary explosions killed 3 and injured 34, and 
many tons of ammunition were destroyed Also in 1965, fires and secondary ex- 
plosions at Da Nang destroyed more than $123 million of ammunition. After the 
Gulf War there was a fire in a transport vehicle at the Army’s Camp Doha in 
Kuwait. An explosion spread the fire, causing secondary explosions. The Army 
lost more tanks in that accident than in the entire Desert Storm campaign. In 
the incident, 52 soldiers were injured, and 3 were killed while clearing damaged 
ordnance. 

There are obviously many cookoff situations to be considered, but much of the 
attention falls at the two ends of the spectrum: fast cookoff when ordnance is sub- 
ject to direct fire such as burning aircraft fuel or a bonfire, and slow cookoff. The 
MIL-STD-2105A defined the fast cookoff and slow cookoff tests for the United 
States. Whereas the conditions for fast cookoff are widely accepted, those for 
slow cookoff have been in almost constant debate. The prescribed 6°F/h heating 
rate (3.3°C/h) has been the topic of heated debate in many cookoff workshops. 
Many feel that it is not representative of any real threat, that it takes too long to 
run the test (sometimes days), that the test keeps going until a reaction occurs, 
regardless of whether that is a realistic time duration, that it gives worst-case 
reaction (thermal explosion) because of the low-temperature gradient (although 
some tests, using a higher heating rate, seem to indicate that in some instances 
a more violent reaction occurred), and that we waste much money trying to de- 
sign weapons to this unrealistic test. Others defend the test, saying that some 
criteria are needed, and it has often been said that although it may not be the 
best test, there is an extensive database. What good is an extensive database, 
if almost everything fails? For example, of 25 motors tested for slow cookoff 
at 6°F/h, only 1 passed, and it was an unusual geometry. MIL-STD 2105B al- 
lows for a threat hazard assessment (THA) to be made. This THA looks at the 
weapons system from cradle to grave and tries to describe the environments the 
weapons system are likely to encounter, the hazards associated with the environ- 
ment, the stimulus levels likely to be seen in those encounters, the probability 
of being subject to the event(s), and the likely reactions. From this THA comes 
recommendations of what stimuli and levels the munition should be tested for. 
This THA can be used to recommend that some slow cookoff heating rate other 
than 6°F/h is more realistic for that weapon and its life cycle exposure and that 
the weapon should be tested at this more realistic condition. Some of the THAs 
are recommending higher slow cookoff heating rates (e.g., 50°F/h, 53°F/h, and 
75°F/h). 

Slow cookoff reactions of several propellant types were studied at China Lake 
using several subscale visualization techniques. There was a rich variety of phe- 
nomena, for example, expansion of the propellants, and reaction violence from 
quiescent-burning- to detonation-type reactions, even between propellants in the 
same basic family. Some of the most violent reactions were associated with booster 
type propellants, even though these were 1 .3 propellants. (Note that the elastomeric 
modified cast double-base propellants, hazard class 1.1, also displayed extremely 
violent reactions.) These boost motors had high burning rate propellants, usually 
catalyzed with iron oxide bum rate modifier. 

Another series of propellants used potassium perchlorate as the oxidizer. These 
propellants looked extremely good in small-scale tests, having an autoignition 
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temperature over 500°F. However, when these materials were loaded in small 
sized motors (about 4-5 lb), the slow cookoff reactions were extremely violent. 
The violence was mitigated when about 5 % of AP was added to these propellants. 
However, when these propellants were loaded into 8-in.-diam motors, the resultant 
cookoff reactions were described as detonations: Case fragments went through 
witness plates. The lessons learned here were that small-scale results do not always 
scale to the practical size. 

Lately promising results have been obtained with propellants that have signifi- 
cant decomposition and reaction at low temperatures (260 and 270°C). In the tests, 
significant amount of unbumed propellant is recovered after the test. 

From the many studies, the temperature and time to reaction can be predicted 
for many materials. However, the ability to predict violence of reaction (case wall 
movement and fracture and the size, weight, and velocity of the fragments) is 
still a goal and reflects the complex interaction between the sample, the stim- 
ulus, and the environment. For cookoff, the stimulus and environment are ob- 
viously intertwined. The sample is also difficult to describe at times because it 
changes as it decomposes, and the decomposition products may play a significant 
role. 


XIV. Conclusions 

1) A hazard class of 1.3 does not mean that the propellant is safe. People have 
been killed with 1.3 propellants. The 1.3 propellants primarily kill by inadvertent 
fire. 

2) The AP-based propellants (usually 1.3) ignite more readily and bum well at 
1 atm. 

3) Zero card-gap propellants are not nondetonable. They simply have a critical 
diameter larger than the sample tested. 

4) Very small amounts of damage have a marked increase on shock sensitivity: 
decreasing the initiating pressure required and decreasing the critical diameter. 

5) XDTs occur at lower stimulus levels and have greater blast overpressures 
than prompt SDTs. 

6) The configuration of the propellant can have a marked effect, especially the 
center perforation or bore effect. 

7) Slow cookoff events can be extremely violent, with some 1 .3 propellants 
producing the highest violence. 


Appendix: Summary of Accidents Involving Solid Propellants 

The information contained in Table A1 has been compiled based on informa- 
tion from published articles, technical reports, media reports, workshops, and per- 
sonal communications. Table A1 presents the best information available to date, 
but should not be interpreted as a comprehensive and complete reference source. 
Table A1 should be considered a work in progress as the authors continue to 
validate and update information. Corrections and additions can be sent to E. J. 
Mulder at the Chemical Propulsion Information Agency (CPIA), Johns Hopkins 
University. 
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Table A1 Summary of accidents involving solid propellants 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Damage or injuries 

Equipment or 

facilities Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

Sept. 1940 

Hercules/Kenvil, NJ 

Smokeless powder plant explosions, caused by 
too rapid heating of powder. Firebrands 
initiated second fire/explosions. Equipment 
fragments recovered 5 -miles away from 
blast. Heavy barricading was not used prior 
to accident. 

Facility destroyed, 
6-mo rebuild 

NA 

52 

27 

1.1 

June 1948 

Hercules/Kenvil, NJ 

Nitration house explosion; 3500-lb NG; caused 
by runaway processing. Blast caused 35-ft 
crater, heard in New York City 50 miles 
away, rocked Empire State Building. 

Facility destroyed 

NA 

3 

27 

1.1 

June 1948 

Hercules Hercules, 

CA 

Explosion in NG building. Second accident 
within Hercules Corp. hours apart on 

June 1948, in a separate Hercules facility 

3000 miles apart. 

Facility destroyed 

NA 

2 

27 

1.1 

May 1952 

Howard Univ. 
Washington, D.C. 

Chemistry laboratory storage area explosion. 
ESD/ESE initiated 400-lb container of 
sodium chlorate when laboratory technician 
attempted to move the container with a hand 
truck. When dispensed/stored in damp areas 
NaClOs hydroscopicity results in very fine, 
high specific surface area crystal formation. 
Fine crystals are highly reactive and 
sensitive to initiation. 

Damaged storage 
facility 

Several 

4 

27 

NA 

March 1953 

Hercules/Kenvil, NJ 

Smokeless powder plant explosion. 

Facility destroyed 

NA 

2 

27 

1.1 


( Cont .) 
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Table A1 Summary of accidents involving solid propellants (continued) 


Damage or injuries 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Equipment or 
facilities 

Injuries 

Fatalities Ref. no. 

Hazard 

class 

June 1953 

Hercules/Sunflower 
Ordance Works, 
Lawrence, KS 

5-in. Zuni (MK16) saw house fire. Fire 
propagated due to slow sprinkler response. 
Fire spread through feed door to other areas. 
Friction of saw against lodged propellant 
chips caused fire. Accident report states 

NEW approx. 2500 lb (33.5 Ib/motor) 
[NC/NG], 

Saw house and 
equipment 

0 

0 

1.1 

Dec. 1954 

Indian Head Naval 
Powder Plant 
(NPP), Indian 

Head, MD 

Terrier Booster motor postcure mandrel 
pulling. Mandrel was several inches above 
grain. Flash fire was seen at the top of the 
grain before propellant ignited. ESD event. 
Operator not grounded while wiping grain. 
Fire did not propagate to other motors in 
vicinity (800 lb) [NC/NG solvent 
NG/triacetin]. 

NA 

5 Burned 

0 

1.1 

NA 

Motor storage 
building 

6-Nike Hercules and 10-Honest John motors. 
Explosions and fire in motor 
storage-building lightning strike (25,000 lb) 
[CMDB]. 

NA 

0 

0 

1.1 

NA 

Mixer explosion 

Composite propellant (98 lb) 20-gal Baker 
Perkins mixer explosion. Foreign material 
between mixer blade and bowl. 

NA 

2 

0 

NA 
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Oct. 1957 


Oct. 1957 


Oct. 1960 


July 1961 


Longhom Ordance 
Works, Marshall, 
TX 


Grand Central 
Rocket Co., 
Redlands, CA 


Salvage Yard, 
Phoenix, AZ 


NA-United States 


Nike Hercules (X-30) sustainer motors 
postcure removing motor from cure oven. 

Hoist and monorail failure. Motor dropped 
3 ft and ignited. Fragments sprayed 200 ft. 

Mandrels, 900 lb each, projected through 
roof. Fire heat cracked 1 2-in. RCW. 

Propagated to 3 motors; all burned 
(2160 lb/motor) [AP/polysulfide]. 

While removing mandrel, operator struck 
mandrel with leather mallet; thin layer of 
propellant ignited and initiated motor fire. 

Fire propagated to 25 motors in vicinity. 

Debris sprayed/scattered 100 ft. Storage bay 
over loaded (500 lb polysulfide perchlorate; 
drop test 2 kg = 45 cm). 

HVAR 5-in. motor. Worker using acetylene 
torch to cut case ignited propellant. Motor 
went propulsive, traveled 5 blocks landed on 
home; broke through in exterior walls, and 
burned hole in living room concrete floor. 

Motors were supposed to be inert. Five more 
motors found and removed from yard 
(15.0 lb UXO) [NC/NG]. 

Propellant mixer (200-gal Baker-Perkins) Mixer destroyed, 0 

explosion. Polysulfide propellant (1300 lb) facility damaged 
detonated. Caused by friction between 
blades and bowl, or packing glands. 


NA 2 Burned 


Postcure work bay 1 Burned 
destroyed 


NA 1 Burned 


0 


0 


0 


0 


1.1 


1.3 


1.1 


27 1.1 


(Cont.) 
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Table A1 Summary of accidents involving solid propellants (continued) 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Damage or injuries 

Equipment or 

facilities Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

Aug. 1961 

Indian Head, MD 

Propellant powder mixer explosion. 50-gal 
Baker-Perkins mixer (10-15 lb) end-of-mix 
clean up operations. Workmen using 
shovels/metal hand tools. Friction/impact 
intirated detonation, mixer fragments found 
1000-ft away in another building. 

Mixer destroyed, 
facility damaged 

Several 

5 

27 

1.1 

Sept. 1961 

Thiokol Corp., 

Brigham City, UT 

Quarter-scale Minuteman fire/explosion. 
Pneumatic grain cutback tool blade impacted 
propellant. Sparks were seen to propellant 
surface before motor ignited (12,000 lb) 
[CTPB/AP/A1]. 

Destroyed building, 
equipment, and 
tooling 

1 Burned 

NA 


1.3 

1962 

NA-United States 

Explosion while saw cutting cured composte 
propellant. Sample prep-area band saw 
cutting operations with remote vacuum for 
collecting propellant fine dust. Ignition of 
fines in band saw guide block transferred to 
fines in vacuum system. 

NA 

Several 

1 

27 

NA 

July 1962 

Rocketdyne Plant, 
McGregor, TX 

Hand cutting propellant laboratory-scale 
operation. Sparks were seen at 

NA 

0 

0 

— 

NA 


blade-propellant interface. Fire propagation 
limited by deluge system. Building saved 
adjacent cells and equipment water damaged 
(92 lb AP/composite). 
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Oct. 1962 Cape Kennedy, FL Fallback incident class 1.3 propellant NA 0 0 S-3 1.1 

Minuteman missile high-order explosion. Successful launch S-l 1.3 

flight test no. 422 T-zero to 3800 ft; after 8.5 s guidance 

system malfunctioned and destruct action 
was initiated. Missile stages separated and 
fell to ground. Free-falling velocity of 
500 ft/s at impact (velocity required for stage 
3 detonation above 3500 ft/s). 

Notable results: Effects of fragmentation on 
1.3 propellant (<70 card propellant) grain 
structural integrity can result in a violent 
reaction upon motor ignition. 

Stage 1 : 1 .3 propellant (46,800 lb) 

[AP/AL/CTPB] impact crater 10 ft deep and 
42 ft diam. Report states true crater was 
considerably larger due to earth and debris 
fallback in first few seconds after blast is 
expended. Such destructive results cannot be 
generated by anything less than a high-order 
reaction. Partial confinement and high-rate 
burning resulted in blast pressures equal to a 
high-order explosion. 

Stage 3:1.1 propellant (7309 lb) [CYH or DDP 
(CMDB)] impact crater 3 ft deep x 12 ft 
diam. Prolonged burning, no detonation. 


( Cont .) 
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Table A1 Summary of accidents involving solid propellants (continued) 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Damage or injuries 

Equipment or 

facilities Injuries 

Fatah ties 

Ref. no. 

Hazard 

class 

Jan. 1963 

NA-United States 

Propellant mixer explosion. AP, aluminized 
composite propellant formulation (100-gal 
Read mixer) 1300 lb. On reversing 
mixer-blade direction, mixer exploded. 
Probable cause 1 ) foreign materials in mixer, 
2) concentration of unmixed perchlorate 
materials in shaft seal housing. 

Mixer destroyed, 
facility damaged 

0 

0 

27 

1.3 

1963 

NA-United States 

Three explosions during solid propellant mix. 

Facility destroyed 

11 

3 

27 

1.1 


cast, and cure operations. Explosion 
consumed 3 rocket motors, plus 4800-lb NG 
solvent. 30 lb of residual casting solvent in 
aspirator catch tank. Caused by handling 
accident while draining aspirator tank, 
propagated to motors in casting and cure 
operations. 

1964 NA-United States Explosion during propellant mixer operations. Facility destroyed 8 3 27 NA 

500-1000 lb propellant consumed in 
fire/explosion. Additional 2000 lb of 
combustible materials consumed in fire. 

NA NA-United States Bandsaw fire and explosion, propellant NA 2 1 — — - NA 

formulation TP-H8126 composite 
propellant. Ignition of propellant fines in 
lower guide blocks of bandsaw (7 lb 
propellant). 
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April 1963 

Allegany Ballistics 
Lab., Cumberland, 
MD 

Fire and explosion of Large Grain Line 
Complex. Four A-3 Polaris stage 2 motors. 
Cause: human error (39,445 lb) [CMDB], 

Destroyed buildings 

30 

3 


1.1 

Feb. 1964 

Allegany Ballistics 
Lab., Cumberland, 

MD 

Minuteman 3rd stage. Remote-operated 72-in. 
radial saw cutting through motor case to 
obtain propellant samples. Propellant ignited 
due to overheating of diamond-dust cutting 
wheels. Deluge system limited facility 
damage (1350 lb) [CYH or DDP (CMDB)]. 

Minimal 

0 

0 


1.1 

July 1964 

Allegany Ballistics 
Lab., Cumberland, 
MD 

Explosion and fire in casting powder plant. 

Two explosions occurred one in casting 
building and second in interstage tower. 
Propellant ignited due to friction, 
impingment or ESD/ESE between powder 
conveying piping and the propellant. Blast 
propagated through the piping in both 
directions resulting in two explosions. 

Destroyed buildings, 
equipment, and 
interstage tower 

0 

0 


1.1 

1966 

U.S.S. Oriskavy 

Viet Nam conflict 

Onboard ship fire. Restoring flares from 
returning aircraft. Sailor dropped flare & it 
inadvertently ignited. Second sailor picked 
up flare, threw it in a locker, and closed door. 
Locker contained 2.75 inch rocket warheads. 
Warheads cooked-off and detonated. 
Detonation caused explosion of liquid 
oxygen tank. 

2 helicopters, 

4 aircraft 

destroyed $15.6 M 
Ship damage 
$48 M 

156 

44 


1.1 

1967 

Allegany Ballistics 
Lab., Cumberland, 

MD 

Propellant powder fire explosion occurred 
during transport of propellant powder in 
slurry dessicator. Dessicator fell off truck 
explosion and fire occurred. 

3 Buildings 

Several 

8 

27 

1.1 


( Cont .) 


250 


Table A1 Summary of accidents involving solid propellants (continued) 





Damage or injuries 





Incident 

Failure mode, cause (NEW or propellant wt.) 

Equipment or 




Hazard 

Date 

description/location 

and [main ingredients] 

facilities 

Injuries 

Fatalities 

Ref. no. 

class 

May 1967 

Utrecht, 

Explosion on a ship loaded with 1 1 ,000 kg of 

NA 

200 

2 

NA 

NA 


The Netherlands 

ammunition, great damage to surrounding 
industrial area. Ammunition was obsolete 








and prepared for dumping. During the 
handling of pyrotechnic ammunition, one of 
the items must have activated. Because the 








ship was loaded with all types of 
ammunition, deflagration from the 
pyrotechnic munitions grew to a detonation 
of the high-explosives munitions also 
present (Prins Maurits Lab., 1967). 






April 1967 

U.S.S. Forrestal 

Zuni rocket (Mk-16) accidentally fired from an 

21 aircraft. 

162 

134 

NA 

1.1 



aircraft being readied for mission. Rocket 
crossed flight deck struck second aircraft, 
which ignited a fuel tank. The fire 
propagated to the aircraft ammunitions that 
detonated. Detonation ruptured flight deck, 
fuel spilled to lower decks. Bombs, 
warheads, and rocket motors reacted. 

Cookoff incident (33.5 lb/motor) [NC/NG], 

$758 x 10 6 
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Jan. 1967 


June 1967 


1967-1969 


Jan. 1969 


Allegany Ballistics 
Lab., Cumberland, 
MD 


Hercules/Kenvil, NJ 


Thiokol Corp., 
Elkton, MD 


U.S.S. Enterprise 


Polaris A2 stage-2 (X-250). Fire and explosion 
while removing aft dome prior to sectioning 
propellant grain. Two circumfrencial cuts 
were made with 72-in. radial saw. Operators 
attempted to remove the dome with hydralic 
wedge and hand tools, propellant ignited. By 
(8800 lb) [CMDB]. 

Propellant handling accident during SOP 
transfer operation. Operators tilted a 4-wheel 
hand truck containing 5000 lb of single-base 
casting powder. Fire and explosion resulted. 

ZAP motors. Ferrocene propellant. 

Two incidents occurred while reclaiming 
motor cases by hydromining propellant. 

Two motors out of four ignited. B. Gleason, 
MTI/Elkton, stated these incidents resulted 
in a change in policy to not hydromine 
ferrocene propellants due to extreme 
sensitivity to friction or impact (83 lb/motor) 
[AP/Al/Fe 2 0 : ,/HC434/2% ferrocene]. 

Exhaust from an aircraft engine starter unit 
impinged onto a pod containing ZUNI 
(Mk-16) rocket motors; one motor ignited. 
Fragments ruptured aircraft fuel tanks, and a 
fire resulted. 1 min after first explosion, three 
more rocket motors exploded. Flight deck 
was ruptured spilling fuel to lower deck. 

18 munitions detonated, 8 holes in flight 
deck, and onboard fires. Cookoff incident 
(33.5 lb/motor) [NC/NG], 


Destroyed building 
and band saw 


Destroyed building 


NA 


15 aircraft destroyed 
17 damaged 
$57 x 10 6 
$487 x 10 6 
ship repair 


0 


Several 


NA 


344 


0 


3 


NA 


28 


1.1 


27 1.1 


NA 1.3 


NA 1.1 


( Cont .) 
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Table A1 Summary of accidents involving solid propellants (continued) 


Damage or injuries 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Equipment or 
facilities 

Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

Oct. 1972 

Thiokol Corp., 
Brigham City, UT 

Minuteman motor. Igniter motor extracting 
samples during electrochemical milling 
propellant. Fire and explosion (prop. wt. 

NA) [AP/AJ/CTPB]. 

NA 

0 

0 


1.3 

Jan. 1974 

Thiokol Corp., 
Brigham City, UT 

Minuteman (MM) 1st stage motor. 

Hydromining propellant. Automatic washout 
operation ignited motor. Facility destroyed. 
Contamination buildup in exhaust duct 
(45,899 lb) IAP/A1/CTPB], 

Destroyed building, 
equipment 
tooling, and 

MM motor case 

0 

0 


1.3 

March 1974 

Edwards AEB, CA 

Test area 1-21, solid-propellant milling and 
cutting building 8582. Fire was caused by 
friction between saw blade and propellant. 
Burning particles swept into local exhaust 
duct, where particles exploded. Air Force 
Rocket Propulsion Lab. contractor’s 
formulation TP-H8219: Oxidizer: ultrafine 

AP, 6- and 90- /xm AP; fuel: A1 90 nm, 
catalyst 1% Fe 2 0 3 . 

Saw damaged, 
destroyed exhaust 
duct work $5200 

0 

0 

28 

1.3 

May 1978 

SRAM motor failure 

Motor case bum through. Motor AHS 1472 
blew up at Tonapah. Cause 1) possible 
manufacturing defect at aft launch lug 
region, 2) ejection loading caused grain 
damage and subsequent operational failure 
(991 lb) 86% total solids [AP/AL/CTPB]. 

NA 

NA 

NA 

29 

1.3 
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May 1 98 1 U.S.S. Nimitz A crash landing of aircraft followed by series 

of explosions. When fuel fire was contained, 
an order to proceed with clean-up was given. 
One Sparrow warhead experienced delayed 
detonation, 3 additional warheads detonated 
before ensuing fire was contained. 133 
pounds of AP/AL/oxamide/CTPB 
propellant/rocket motor. 

1982 Perm, Russia Hydromining solid propellant. SS-24, 2nd 

stage rocket motor ignited on a washout 
stand. On propellant ignition, the motor 
developed enough thrust to eject the motor 
from the stand, crashed through the walls of 
the operations building. Motor went 
propulsive into a nearby dining hall. 
Hydromining technology development 
halted in Russia (76,600 lb) 
[AP/HMX/ADN/Al/ferrocene/HTPB] . 

Nov. 1982 U.S.A.F. Arnold Fire cell J-4, during MX/Peacekeeper stage 2 

Engineering propellant cleanup in test cell following 

Development motor failure. Cutting of damaged, 

Center, Arnold water-soaked propellant with piano wire 

AFB, TN (88% solids AP/HTPB/A1 20,000-30,000 lb 

propellants consumed). 


3 aircraft destroyed 48 14 1. 3/1.1 

9 aircraft damaged 
Ship damage 
$150 M total loss 


NA Several Several Verbal 1.1 

account, 

plant 

manager 


Test cell damaged NA 4 30 1.3 


( Cont .) 
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Table A1 Summary of accidents involving solid propellants (continued) 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Damage or injuries 

Equipment or 

facilities Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

March 1984 

Thiokol Corp., 
Brigham City, UT, 
south casting 
pit row 

Casting house propellant fire. 7000-lb mix 
bowl of Shutde propellant ignited at pit 
no. 4. Fire propagated to adjacent pit. One 
forward and one center segment consumed. 
Cause: previous spilled propellant squeezed 
between dump station roller and rail. 
Corrective action: revise safety precautions, 
training, and cleanup procedures (approx. 
500,000-600,000 lb) [AP/A1/PBAN], 

Two pits destroyed, 
local building 
damage 

NA 

NA 

31 

1.3 

May 1984 

Severomorsk Naval 
Base, USSR 

Fire of unknown origin. Series of fires and 
explosions lasted for several days. 

Multiple tons of 
munitions 

NA 

NA 

Internet 

article 

NA 

Sept. 1984 

Atlantic Research, 
Gainesville, VA 

MK-30 cure stand cookoff and explosion 
(PVC-propellant). 

Destroyed building 
and cure stand 
equipment 

0 

0 

Verbal 

account 

1.3 

Jan. 1985 

Waldheide, 

Heilbronn, 

Germany 
(Camp Redleg) 

Pershing 11 1st stage motor fire during removal 
from shipping container. Ignition from 
electrostatic discharge resulting from 
triboelectric charging of motor case. 

Maintenance tent, 
crane, and rear of 
M.A.N. vehicle 

9 Injured 

3 

32 

1.3 


Attempt 1 off center binding occurred only 
aft end lifted 5 in. Lift attempt aborted; reset. 
Attempt 2 reposition boom motor 
hung-up/released; forward end raised 7-in. 
Motor shifted aft, striking a steel cross 
member in the container. Motor ignition 
occurred ESD/ESE. Local weather 
conditions contributed to ESD event — air 
temperature 20°F; motor temperature 10°F; 
low humidity (7900 lb) [AP/A1/HTPB], 
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1985 

Pavlograd Chemical 
Plant, Pavlograd. 
Ukraine 

Sympathetic detonation of six stage-2 SS-24 
solid rocket motors. Motors were on cure 
cycle. Single motor exploded due to 
impurities in ingredients. (Account 
discussed with Pavlograd Chemical 

Officials, 1995) (76,600/motor) 
[AP/HMX/ADN/Al/ferrocene/HTPB]. 

Buildings and 
fatalities 

NA 

NA 

Verbal 

account 

June 1985 

Thiokol Corp., 
Brigham City, UT 

Fire during large-scale propellant mixing 
operation. Lightning strike caused power 
interruption. On restart, errant controller 
function caused mixer blade to scrape mixer 
bowl resulting in ignition. Deflagration with 
TNT equivalence of 1400 lb. 

M-24 facility 

NA 

4 


1985 

Thiokol Corp., 
Brigham City, UT 

Mixer fire. Fire started while mixing an AP and 
ferrocene propellant. (E. Brown, 
MTI/Wasatch, confirmed SRAM 
hydromining fires.) 

Building and all 
equipment 
destroyed 

NA 

3 

NA 

Sept. 1985 

Thiokol Corp., 
Brigham City, UT 

Flash fire occurred when a spatula that had 
been soaked in mineral sprits contacted the 
propellant samples. Conclusions state: only 
water to be used on tools contracting 
ferrocene. Recommend only separate 
covered buckets containing water to be used 
for ferrocene disposal. 

NA 

NA 

NA 


Sept. 1985 

Atlantic Research 
Corp. (ARC), 
Gainesville, VA 

Catocene propellant; fire. 1-gal carton of 
propellant ignited when container cut by 
X-acto knife. Fire spread rapidly through 
propellant testing laboratory containing 
hundreds of pounds of dog bone samples. 

One fatality killed by flames traveling 
through exit path (verbal account confirmed 
by K. Graham, ARC). 

Building and 
equipment 

0 

1 
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Table AI Summary of accidents involving solid propellants (continued) 


Damage or injuries 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Equipment or 
facilities 

Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

Oct. 1985 

NA 

Catocene propellant. Dropping 2x4 motor 
case with grain into bucket holding other 
grains ignited into violent burst of flame, 

1 killed, holding bucket. 

NA 

NA 

1 


NA 

Nov. 1985 

U.S.A.F. Arnold 
Engineering 
Development 

Center, Arnold 

AFB, TN 

PK, stage III (16,000 lb), Late aft dome failure, 
propellant pieces detonated on J-5 cell steel 
walls. Qualification testing a large rocket 
motor failed, 1 100-lb propellant (NEW 

1375 lb) [ AP/HMX/PEG-NG/ Al] . 

NA 

NA 

NA 


1.1 

Mid-1980s 

Lockheed 

Short range attack missiles (SRAM) Lockheed 
had two fires while hydromining 
(991 lb/motor) [86% T.S. 

AP/Al/CTPB/2.5% ferrocene]. 

NA 

NA 

NA 


1.3 

Mid-1980s 

CSD 

One fire while hydromining propellant 
containing ferrocene. (T. Rudy commented 
water soaking these propellants prior to 
hydromining should be investigated.) 

NA 

NA 

NA 


NA 

Mid-1980s 

U.K.-Falkland 

Islands conflict, 
H.M.S. Sheffield 

U.K. lost six ships with damage to others. 

H.M.S. Sheffield, 4100-ton destroyer, struck 
by Exocet missile. Amidships strike, 
penetrated fuel tank and smashed into 
machinery spaces. Warhead did not 
detonate. Burning propellant ignited fuel 
fires, resulting in thick, acrid smoke 
spreading through the ship’s ventilation 
system. 4.5-h firelight before abandoned 
ship. Ship sank under tow in heavy seas. 

Destroyed ship; 
sank under tow 

NA 

20 

NA 

NA 
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Mid-1980s 

U.K.-Falkland 

Islands conflict, 
Atlantic Conveyor 

Atlantic Conveyor struck by Exocet missile(s). 
Warhead did not detonate. Ship was loaded 
with aluminum freight containers, aircraft, 
and combustible materials, including 
munitions and fuel. Burned out and sank 

3 days later. 

Destroyed ship 

NA 

12 

NA 

NA 

Mid-1980s 

U.K.-FalMand 

Islands conflict, 
H.M.S. Glamorgan 

Exocet missile strike. 360-lb warhead did not 
detonate. Burning unspent propellant charge 
from missile started the ship on fire. A 
hanger and helicopter were destroyed by fire 
caused by shrapnel damage and fire. 

Destroyed ship 

NA 

13 

NA 

NA 

Mid-1980s 

U.K.-Falkland 

Islands conflict, 
H.M.S. Antelope 

Bomb strike; bomb did not detonate. Fires 
caused by the bomb detonating while 
attempting to defuse it. Runaway munitions 
fire destroyed ship. 

Destroyed ship 

NA 

NA 

NA 

NA 

Mid-1980s 

Fire 

Brass on steel. Ferrcenium propellant 

impact/friction initiated fire. 1% ferrocene 
formulation. One incident reported. 


0 

0 


NA 

Mid-1980s 

Explosion 

Catocene/nitrate ester, impact initiated 
explosion, 7% catocene formulation. 

One incident reported. 


NA 

1 


NA 

Mid-1980s 

Fire/Explosion 

Hard spatulas/hand tools. Ferrocene sublimate 
1% ferrocene, 7% NBF, 5% catocene, 2 and 
8% P-XXI, and 7% P-IV formulations. 

Seven incidents reported. 


0 

6 


NA 

Mid-1980s 

Fire 

Instron machine fire initiated by 

impact/friction, ESD. 1% catocene (Zr) 
formulation. Two incidents reported. 


0 

0 


NA 

Mid-1980s 

Fire/Explosion 

Machining propellant, friction, pinch initiated. 
0.3% catocene formulation. Two incidents 
reported. 


0 

1 


NA 
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Table A.I Summary of accidents involving solid propellants (continued) 


Damage or injuries 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Equipment or 
facilities 

Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

Mid-1980s 

Mid-1980s 

Fire 

Fire 

Moving hardware. Fire initiated by impact. 

5% catocene formulation. One incident 
reported. 

Waste drop 2%, 3% catocene (Zr), 1% NBF, 

1% ferrocene formulations. Five incidents 
reported. 

— 

0 

0 

— 

NA 

NA 

Mid-1980s 

Fire 

Hand cutting propellant. Friction initiated fire. 
2% catocene (ZrC) formulation. 

One incident reported. 


0 

1 


NA 

April 1986 

Vandenberg AFB, 

CA 

Titan 34, flight D9 case burst 800 ft above 
launch pad, many ground craters, propellant 
debond between insulation and propellant 
grain (300,000) [AP/A1/PBAN]. 

Crane 

NA 

1 

NA 

1.3 

Jan. 1987 

Allegany Ballistics 
Lab., Cumberland, 
MD 

Horizontal bandsaw fire. Sawing operations 
were complete dry, dry propellant chips 
contributed to the intensity of the fire (50 lb) 
[QMZ-1 composite]. 

Minor damage to 
bandsaw and 
building 

0 

0 

27 

1.1 

April 1987 

Thiokol Corp., 
Brigham City, UT 

Disposal waste drop incident. 12-month aging 
tests were completed on propellant samples. 

NA 

NA 

NA 


NA 


The propellant was aged at 160°F. Plastic 
bag containing propellant scrapes placed in 
disposal container (dry metal drum). Fire 
caused by impact or friction. 
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May 1987 U.S.S. Stark Hit by Exocet missiles while operating in NA Several 37 NA NA 

Persian Gulf. Missile warhead did not 
detonate. Missile penetrated about 80 ft 
inboard. Fire resulted 120 lb burning 
solid-propellant burning at 3000-3500°F. 

Heat, acid vapors, and smoke filled 
surrounding area impeding escaping 
personnel from compartments. Second 
missile hit, penetrated hull, and detonated 
5-ft inboard. Detonation ripped large hole in 
hull, accelerating combustion of burning 
materials. Portside fire main lost in blast. 

Vertical fire spread into compartments 
directly above main blaze. 

May 1987 Thiokol Corp., MX/Peacekeeper, Stage I (303), flare followed NA 0 0 1.3 

Brigham City, UT by natural extinguishment. Occurred during 
mandrel pulling operation, after cure 
operators heard crackling noise, saw smoke. 

No ignition of grain. ESD and friction. 

98,462 pounds of AP/A1/HTPB 

Dec. 1987 Thiokol Corp., MX/Peacekeeper 1st stage (322) fire and case Destroyed facility NA 5 33 1.3 

Brigham City, UT burst during mandrel pulling operation with 
Peacekeeper ignition from electrostatic 
discharge resulting from triboelectric (ESD 
friction combination) charging of 
tooling/propellant (98,462 lb) 

[AP/A1/HTPB]. 

May 1988 Pepcon AP plant More than 8 x 10 6 lb AP burned and detonated. Destroyed facility, 350 2 1.3 

Henderson, NV Local residents included in injured (C&EN, $73 x 10 6 

1988). 


(Cont.) 
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Table A1 Summary of accidents involving solid propellants (continued) 


Damage or injuries 


Date 

Incident 

description/location 

Failure mode, cause (NEW or propellant wt.) 
and [main ingredients] 

Equipment or 
facilities 

Injuries 

Fatalities 

Ref. no. 

Hazard 

class 

March 1989 

Hercules, Bacchus, 

UT 

Fire during large-scale propellant mixing 
operation. Cover of infrared fire detector fell 
into mixer (26,000 lb) [AP/A1/HTPB], 

1 800-gal mixer and 
mix building lost 

0 

0 

— 

1.3 

May 1989 

Aerojet, Sacramento, 
CA 

Fire during high-pressure water-jet propellant 
removal operation with MM II, 2nd stage. 
Faulty purge water flow subsystem in 
water-jet removal system caused friction on 
propellant that had accumulated in boom 
bearing block (12,000 lb) [AP/A1/CTPB], 

Moderate 

0 

0 


1.3 

Sept. 1990 

Edwards AFB, CA 

Titan IV SRMU fire resulted from ground 
impact during movement by crane near test 
stand. Crane tipped over due to unstable 
working surface. Motor impacted the ground 
and skid down test stand flame bucket. 

Ignition most likely from impact 
(AP/HTPB/A1 NEW). 

Test stand, crane, 
and nearby 
buildings 
destroyed 
($9 x 10 6 loss) 

NA 

NA 


1.3 

June 1992 

Honeywell, 

Sacramento, CA 

Minuteman II, 2nd stage motor. Dropped 
motor 18 in. to roadway while transferring 
on forklift (500 lb) 88% total solids 
[CTPB-AP/AL] . 

Destroyed forklift 

1 Burned 

0 


1.3 

June 1992 

Indian Head, White 
Oak, MD 

Storage magazine destroyed. Propellant fire 
and explosion, 4300 lb propellant consumed. 
Cause: improper storage of materials. 




NA 

NA 


1995 

Desert Storm, 

Persian Gulf, 

Camp Doha, 

Kuwait 

Transport vehicle fire. Fire spread and 
secondary explosions resulted. Injuries 
occurred while clearing damaged ordnance. 
More tanks were lost in single incident than 
in the entire Desert Storm conflict (cookoff 
incident). 

U.S. Army tanks and 
materials 

3 

52 

NA 


April 1996 

ro 

O) 

U.S. Naval Surface 
Weapons Center 
(NSWC), Indian 
Head, MD 

Brick magazine destroyed. Spontaneous 

combustion. Fragments of asbestos materials 
scattered to local public neighborhood 
(cook off incident). 

Magazine and 
contents 

0 

0 

NA 

NA 

- 1 Feb. 1998 

NSWC, Indian Head, 
MD 

150-gal, single-blade, vertical mixer fire and 
explosion during manufacture of an air bag 
propellant. RDX added by a remotely 
operated automatic feeder. Small particles 
falling in a continuous manner generated 
static charge field. ESD/ESE event. 

Building 1026, 
including 150-gal 
vertical mixer 

0 

0 

NA 

NA 

July 1999 

NAWC Weapons 

Div., China Lake, 
CA 

During disposal operation, propellant 
containing catocene inadvertently ignited 
when samples removed from wooden box. 

None 

1 

0 


1.3L 
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Combustion of Solid Energetic Materials 



Chapter 2.1 


Overview of Combustion Mechanisms and 
Flame Structures for Advanced Solid 
Propellants 


M. W. Beckstead* 

Brigham Young University, Provo, Utah 


I. Introduction 

T HE solid ingredients used most often in modem solid propellants are am- 
monium perchlorate (AP) and cyclotretramethylenetetranitramine (HMX) [or 
cyclotrimethylenetrinitramine (RDX)] . The two most common binder systems con- 
sist of either an inert binder system based on a polybutadiene polymer, typically 
hydroxy-terminated polybutadiene polymer (HTPB), with various plasticizers, ad- 
ditives, and cross-linking agents, or an active binder system based on energetic 
components such as nitroglycerin (NG) and nitrocellulose (NC) or with a polyester 
or polyether polymer (PE). In general, comparing the combustion characteristics of 
monopropellants with the characteristics that occur when the monopropellants are 
combined with other ingredients to form propellants can lead to an understanding of 
the physical mechanisms that are involved. Note that the monopropellant burning 
rate of AP, HMX, and a typical NG/NC (or NG/PE) double-base propellant are sim- 
ilar. However, when a fuel and oxidizer are mixed together, a diffusion flame usu- 
ally results. In AP/HTPB this diffusion flame has a huge impact on the combustion 
process as a function of pressure. Mixing HMX into HTPB to form a composite 
propellant also has a significant effect on the combustion, but in a different manner 
than that observed with an AP/HTPB system. Combining HMX with NG and NC 
or NG/PE to form a composite modified propellant results in little change in the 
burning rate from that observed with the individual ingredients. Observations such 
as these have helped to establish an understanding of the combustion mechanisms 
that determine the burning rate characteristics of typical propellants. 

During the past decade the search for more energetic and more environmen- 
tally acceptable propellants has led to the development of advanced ingredients 
such as hexanitrohexaazaisowurtzitane (CL-20), ammonium dinitramide (ADN), 
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hydrazinium nitroformate (HNF), glycidyl azide polymer (GAP), bis-azide methyl 
oxetane/3-azidemethyl 3'-methyl oxetane (BAMO/AMMO), etc. These are consid- 
ered advanced in the sense that they are not commonly used in operational motors. 
The purpose of this study is to relate the observed combustion characteristics of 
the individual ingredients (as monopropellants) to postulated flame structures and 
mechanisms, based on observations with AP and HMX propellants. This chapter 
discusses the combustion and thermodynamic characteristics of the monopropel- 
lants and then conjectures the implications of various mechanisms on the potential 
combustion characteristics of actual propellants. The emphasis is on the qualitative 
effects of flame structure on combustion mechanisms. Time will not allow a de- 
tailed examination of the quantitative aspects of flame structure. For the same 
reasons, consideration of combustion characteristics has focused on flame temper- 
atures and on burning rate characteristics. Temperature sensitivity, erosive burning, 
ignition, and unstable combustion are beyond the scope of that considered here. 

II. Monopropellant Burning Characteristics 

In this section the monopropellant combustion characteristics of several ingre- 
dients will be examined to lay a foundation for the understanding of propellants 
containing these ingredients. Most of our understanding of combustion mecha- 
nisms has been based on AP composite propellants, and to a lesser extent HMX 
composite propellants. Because these two ingredients will be used as a basis for 
the comparisons to follow, some of their general combustion properties are sum- 
marized in Table 1 . These property values have typically been taken from previous 
review articles, for example, those of Kubota 1 and Boggs . 2 Note that the two com- 
pounds are very different in almost every category listed, except burning rate and 
exponent. The chemical composition, NH4CIO4 vs C^OgNg, the melt, surface 
and flame temperatures, and heats of formation are all very different, and yet the 
burning rates and exponents are very similar. 

The relative burning rates of a large number of typical monopropellant ingre- 
dients are shown in Fig. 1 . Most of these data (AP, HMX, RDX, ADN, CL-20, 
and HNF) are summarized in a recent paper by Atwood et al . 3 The AN data are 
from Ref. 4. The azide data (GAP and BAMO) are from Kubota and Sonobe , 5,6 
Kubota , 7 and Flanagan et al . 8 The burning rate of the azides depends on the relative 
concentration of the azide and the material used to solidify and/or plasticize the 
azide. Typically hexamethylene diisocyanate (HMDI) is used to cure GAP and 
tetrahydrofuran (TFH) with BAMO. The referenced burning rate data show that 
the azide burning rate is directly proportional to the N 3 bond density. The data 


Table 1 Comparison of AP and HMX combustion properties 


Property 

AP 

HMX 

Burning rate at 68 atm, cm/s 

0.8 

1.1 

Pressure exponent 

~0.7 

~0.8 

Chemical formula 

NH4CIO4 

c 4 h 8 o 8 n 8 

Adiabatic flame temperature, K 

1405 

3278 

Melt temperature, K 

-725-825 

553 

Surface temperature at 68 atm, K 

~825 

-750 

Heat of formation, Kcal/mole 

-70.7 

18.1 
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Fig. 1 Burning rate characteristics of ingredients used in solid propellants. 

included in Fig. 1 were chosen for materials with ~80:20 mixure of GAP/HDMI 
and a 60:40 mixture of BAMO/TFH as those mixtures were characterized most 
completely. Monopropellant ingredients used in double-base propellants, that is, 
nitrate esters, will be discussed later. 

Most of the monopropellants examined here exhibit linear characteristics relative 
to the power law burning rate curve, r = bP n . It is significant that the monopropel- 
lant burning rates of HMX and AP are very similar, at least from ~30 to ~ 150 atm 
with HMX having a rate ~20% greater than AP. Above ~150 atm the AP burning 
rate curve has a dip in it that is very uncharacteristic of most monopropellants. 
However, this behavior is not really applicable to motor operating conditions 
and, thus, will not be discussed further. ADN has two slope changes indicating 
rather complex combustion mechanism changes. At a typical operating pressure 
of 68 atm, ADN and HNF have the highest rates ~3-4 cm/s, whereas BAMO and 
AN are the lowest, approximately a full order of magnitude lower. Most of the 
ingredients have similar exponents, ~0.8-1.0, except for BAMO and GAP (both 
azides with exponents of ~0.5), and ADN, which has a variable exponent. 

Table 2 contains a summary of some of the combustion properties of these 
and other propellant ingredients. Material densities are typically in the range of 
1-2 g/cm 3 (Refs. 1 and 2). Heats of formation vary widely,' but are extremely im- 
portant, because they are a dominant factor in determining flame temperature. The 
equilibrium conditions were calculated from the given heat of formation, atomic 
composition, and density of each ingredient. The flame temperature is seen to vary 
significantly, from a low of 1 247 K for AN to a high of ~3500 K for CL-20. Most of 
the ingredients are made up of the CHON atoms. AN and ADN only contain HON 
atoms. AP is unique because it contains chlorine and produces the environmentally 
undesirable HC1. AP, ADN, AN, HNF, and CL-20 all produce molecular oxygen 
in their exhaust products, from 29% for AP decreasing down to 3% for CL-20. 

It is informative to examine the burning rates of the various ingredients as a 
function of their calculated flame temperature. Although it is somewhat intuitive 
to expect burning rate to be proportional to flame temperature (e.g.. Refs. 9 and 10), 
this is not necessarily the case. This is shown in Fig. 2. There is a general trend, 


Table 2 Monopropellant ingredient properties 


Equilibrium products, 1000 psi (mole fractions) 
Density A H f — 


Ingred. 

(g/cc) 

(Kcal/mole) 

T f , K 

MW 

o 2 

h 2 o 

CO 

<N 

O 

U 

h 2 

n 2 

HC1 

Nitrates 

ADN 

1.72 

-35.8 

2062 

24.8 

0.20 

0.40 




0.40 


AN 

1.73 

-87.3 

1247 

22.9 

0.14 

0.57 




0.29 


Perchlorate 

AP 

1.95 

-70.7 

1405 

27.9 

0.29 

0.38 




0.12 

0.20 

Nitramines 

CL-20 

1.96 

90.0 

3571 

27.4 

0.02 

0.14 

0.23 

0.10 

0.03 

0.37 


HMX 

1.90 

18.1 

3278 

24.3 


0.23 

0.25 

0.09 

0.09 

0.33 


RDX 

1.82 

14.7 

3286 

24.3 


0.23 

0.25 

0.09 

0.09 

0.33 


HNF 

1.86 

-17.2 

3090 

26.4 

0.10 

0.33 

0.02 

0.12 

0.01 

0.35 


Nitrate Esters 
NG 

1.60 

-90.7 

3287 

28.9 

0.07 

0.28 

0.11 

0.28 

0.01 

0.18 


TMETN 

1.47 

-106 

2839 

23.1 


0.26 

0.36 

0.10 

0.14 

0.14 


DEGDN 

1.39 

-103.5 

2513 

21.8 


0.25 

0.37 

0.08 

0.19 

0.11 


NC 

1.65 

-61.4 

2425 

28.4 


0.21 

0.43 

0.12 

0.13 

0.11 


Azides 

BAMO 

1.28 

53.3 a 

1725 

15.2 



0.11 


0.48 

0.39 


GAP 

1.27 

2.85 a 

1570 

15.7 


0.01 

0.19 


0.43 

0.32 


AMMO 

1.26 

4.32 a 

1536 

12.2 


0.01 

0.13 


0.58 

0.23 


a Kcal/100 g 
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Fig. 2 Dependence of monopropellant burning rate on flame temperature. 


but there are many discrepancies. AP, GAP, and HMX all have about the same 
burning rate, but their flame temperatures differ from 1400 to ~3200 K. ADN has 
the highest rate, but its flame temperature is a relatively low 2035 K. It appears 
that burning rates are dependent on many phenomena, including the initial bond 
breaking steps, concentration of various species leaving the burning surface (which 
bear on kinetics and the distribution of energetics), and the general mixture of atoms 
in the products. Although a quantitative prediction of propellant burning rate is 
beyond the scope of this chapter, it is felt that qualitative generalizations can be 
made based on the collective properties of the combined ingredients. 

Although AP and HMX have very different flame temperatures, they have very 
similar burning rates. Because of HMX having a higher flame temperature than AP 
(3200 vs 1400 K), one might expect it to have a much higher burning rate than AP. 
Thus, it is somewhat surprising that the HMX burning rate is only ~20% greater 
than that of AP. This is apparently due to a higher reactivity of reactions involving 
chlorine oxides (i.e., the typical surface products from the condensed phase of 
the AP) compared to reactions involving nitrogen-containing compounds (i.e., the 
typical surface products) of HMX. This observation is supported by the much 
lower burning rate of AN, which has a flame temperature comparable to AP but 
does not give off the reactive chlorine oxides. The decomposition products from 
AN are more comparable to those of ADN, and one would expect similar reaction 
kinetics to be involved with AN and ADN, but not with AP. Therefore, the much 
lower rate of AN apparently corresponds to the much lower flame temperature of 
AN compared to that of ADN. 

In a similar sense, the AP reaction path follows the reduction of the chlorine 
atom, whereas all of the other ingredients relate to some kind of a nitrogen reduc- 
tion path. Although Fig. 2 does not show an obvious correlation between various 
ingredients, the following paragraphs show that there can be definite correlations 
within families of ingredients. 

Double-base propellants are the classic example of the nitrogen reduction path. 
A characteristic of double-base propellants is that they bum with a two-stage flame. 
The inner flame is ~ 1200- 1700 K depending on both pressure and binder energy. 
A dark zone separates the inner flame from a final flame of ~1500-3000 K. again 
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Fig. 3 Burning rate dependence on binder heat of explosion for families of nitrate 
ester propellants based on both NG/NC and TMETN/NC. 


depending on pressure and binder energy. The effect of the heat transfer from the 
flame on the burning rate of the material is dominated by the inner flame that, in 
turn, dominates the burning rate. At high pressure (MOO atm) the two reaction 
zones merge, and only one flame is observed at higher pressures. The inner flame is 
apparently characterized by the reaction of N0 2 to form NO. The NO is relatively 
stable, leading to the dark zone. The stability of the NO molecule has also been 
observed in studies of air pollution. The end of the dark zone is characterized by 
the reaction of NO to react with various intermediates (such as N 2 0 and NO itself) 
and ultimately form N 2 . 

Because of the dark zone, it is not appropriate to correlate the burning rate 
with the calculated adiabatic flame temperature. However, the calculated heat 
of explosion (HEX) is an appropriate correlation parameter and represents the 
energy available in the combustion process. Figure 3 is a plot of burning rate 
vs heat of explosion for a classic NC/NG double-base series of propellants, and 
the corresponding analogs with trimethylolethane trinitrate (TMETN) substituted 
for NG (Ref. 11). There is a very definite correlation between burning rate and 
propellant energy. However, the NG-based propellants exhibit a higher rate than 
the TMETN propellants. NG has more energy than the TMETN, as reflected by a 
higher flame temperature; thus, one cannot expect the burning rates of all nitrate 
esters to fall within the same correlation. Cohen and Lo 12 explained this effect 
of nitrate ester ingredient by the species concentration of N0 2 available for the 
primary flame zone kinetics. 

Note that the burning rate of a typical double-base binder of M000 HEX, is 
~0.8 cm/s at 68 atm, compared to that of AP and HMX monopropellants, which 
are ~0.8 and ~ 1 . 1 cm/s, respectively. There is very little difference in their burning 
rates, even though the flame structure and chemistry are significantly different. 

Some time ago, Fogelzang et al. 13 obtained data showing a correlation of burn- 
ing rate vs flame temperature for families of N-nitro (nitramine) and C-nitro 
(nitrosamine) compounds. These data are presented in Fig. 4. Data were obtained 
for compounds with varying chemical structure, but with common backbone char- 
acteristics. The nitramines include both RDX and HMX. The data were taken 
at very high pressure (300 atm), but both families show a readily identifiable 
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Fig. 4 Comparison of monopropellant burning rate dependence on flame tempera- 
ture for families of nitramines (N-nitro) and nitrosamines (C-nitro) compounds. 


correlation. The intuitive trend of rate increasing with flame temperature is present. 
Thus, within a given family of ingredients having a common backbone structure, 
one can expect the rate to correlate with flame temperature. 

Having examined the burning rate characteristics of homogeneous ingredients, 
it is appropriate to consider the combustion characteristics of propellants that result 
from mixtures of ingredients. 


III. Solid-Propellant Combustion Characteristics 

The adiabatic flame temperatures for AP, ADN, HMX, and CL-20 in an HTPB 
binder have been calculated and are shown in Fig. 5 for varying oxidizer concen- 
tration. AP and ADN, which are true oxidizers, both show a maximum flame tem- 
perature near their stoichiometric mixture ratio. In the range of 80-90% oxidizer. 



Fig. 5 Calculated flame temperatures for AP, ADN, CL-20, and HMX composite 
propellants. 
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Fig. 6 Calculated flame temperatures for AP, ADN, HNF, CL-20, and HMX in an 
NC-based propellant. 


which is typical of practical propellants, AP, ADN, and CL-20 all have similar flame 
temperatures, whereas HMX is ~1000 K lower. These calculated temperatures 
should be characteristic of the diffusion flame in propellants that, in turn, relates 
to the particle size dependence of burning rate. HMX/HTPB propellants typically 
have a burning rate much lower than HMX monopropellant, whereas AP/HTPB 
propellants typically have a burning rate higher than the AP monopropellant rate. 
Apparently the HMX diffusion flame robs energy from the monopropellant flame, 
suppressing the overall propellant bum rate. Qualitatively this is in agreement with 
the calculated flame temperature. 

The calculated flame temperatures for AP, ADN, HMX, HNF, and CL-20 in 
an NC binder are shown in Fig. 6. AP, ADN, and HNF all show a maximum 
flame temperature near their stoichiometric mixture ratio. Up to 50-70%, which is 
typical of practical propellants, all have similar flame temperatures. Observe that 
the addition of HMX to a typical double-base propellant usually has little effect on 
the burning rate of the propellant. 14,15 As was noted, the relative monopropellant 
rates of HMX and double-base binders are very similar. Thus, combining two 
ingredients with comparable monopropellant rates and no effective diffusion flame 
results in little change in the overall propellant rate. 

Figure 7 shows data varying HMX concentration in a double-base binder. 16 The 
burning rate of the pure HMX is within ~20% of the burning rate of the double- 
base binder. The rate of the mixtures goes through a minimum between the rates 
of the two ingredients. Other experimental data, 17-20 show the same trend and 
additionally show that adding different-sized HMX particles at concentrations up 
to ~60% did not significantly alter the bum rate. This is not surprising considering 
that both HMX and double-base binder each contain CHON elements and similar 
energy levels. Calculated flame temperatures varying the percent HMX for double- 
base binders of varying HEX show that for a high-energy binder there is little 
change in the flame temperature of the propellant, for example, see Fig. 6. For a 
low-energy binder, adding HMX increases the flame temperature. The calculated 
temperatures all increase toward the adiabatic flame temperature of HMX, which 
is higher than any of the double-base flame temperatures. 
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Fig. 7 Burning rate characteristics of HMX in a double-base binder at varying pres- 
sures. 

However, the addition of AP to a double-base propellant increases the rate 
significantly, increasingly so for decreasing AP particle size. 11151718 Even though 
the calculated flame temperatures for an AP vs an HMX/double-base propellant 
are not significantly different, the resultant burning rates are. As noted, the kinetics 
associated with the chlorine reduction path appear to be significantly faster than 
those associated with the nitrogen reduction path. Thus, the AP related diffusion 
flame has a significant effect on the burning rate, whereas the corresponding HMX 
products diffusing into double-base products are sufficiently similar that there is 
little change in burning rate. 


IV. Solid-Propellant Combustion Mecha n isms 

The objective of the chapter is to utilize the basic combustion characteris- 
tics presented in the preceding sections to project the combustion characteris- 
tics of propellants made up of mixtures of advanced ingredients. To develop this 
logic, a brief review of the physical picture of how older propellants bum will be 
made. 


A. Phenomenological Concepts 

Understanding of the combustion mechanisms that determine solid-propellant 
burning rates have evolved over the past 30 years. In the 1960s, emphasis was 
determining the critical mechanism that controlled the burning rate and most at- 
tention was given to AP composite propellants. A typical example of identifying a 
single critical mechanism that would describe combustion behavior was the Sum- 
merfield granular diffusion flame (GDF) model. 21 That model was based on the 
concept that fuel and oxidizer gasify at the burning surface, leaving the surface in 
pockets of gases that diffuse together, reaction to determine the propellant burning 
rate. Although this interpretation enjoyed a degree of popularity, it was too nar- 
row in concept to describe the great variation in burning rates observed with AP 
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Fig. 8 Conceptual depiction of the BDP model for AP composite propellants. 


propellants for varying pressure, oxidizer particle size, and loading. In general, 
finer AP particle size causes an increase in burning rate, but at very low or high 
pressures this effect is diminished. Similarly, increased AP concentration tends 
to increase the burning rate, but this effect is also reduced at extreme pressures. 
The GDF model was not comprehensive enough to explain such a wide range of 
behavior. 

In the late 1960s Hermance 22 proposed a model of heterogeneous reaction at 
the burning surface between oxidizer and binder, creating an increased, reacting 
surface area. Although this concept resulted in a mathematical model that correctly 
gave the increased burning rate with decreasing particle size, Scanning Electron 
Microscope (SEM) photographs 23 failed to show the postulated undercutting of 
oxidizer crystals. 

In the early 1970s, Beckstead et al. published their multiple-flame [Beckstead, 
Derr, and Price (BDP)] model 24 This model proposed a complex interaction be- 
tween the oxidizer monopropellant flame and two different diffusion flames oc- 
curring above the oxidizer binder interface. Figure 8 illustrates this. This physical 
picture was sufficiently comprehensive to be able to explain most of the observed 
propellant behavior for many years. 


B. AP Composite Propellants 

Using this model, the burning rate is proposed to be very particle-size depen- 
dent due to the primary diffusion flame. For very small particles the diffusion 
aspect of the primary diffusion flame can be reduced, and the kinetic aspect can 
become dominant. For these conditions the particles and binder approach a pre- 
mixed condition. This behavior is illustrated in Fig. 9, adapted from Ref. 25. For 
increasingly large particles the monopropellant flame dominates and similarly re- 
duces the particle-size effect. 

These results indicate that the burning rate can change by an order of magni- 
tude through varying the AP particle size. For lower pressures the curve will shift 
downward and to the left, and for higher pressures it will shift upward and to the 
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Fig. 9 Variation in burning rate due to varying particle size, as predicted by the BDP 
model. 

right. The conclusion was reached that the primary diffusion flame was the dom- 
inant mechanism in determining the burning rate of AP composite propellants. 
However, it is very apparent that at either low pressures or for very small parti- 
cles, the kinetic aspect of the primary diffusion flame will be dominant, whereas 
for high pressures and/or large particles, the monopropellant flame will become 
dominant. 

AP and HMX appear to have similar monopropellant combustion characteristics, 
but when mixed with a fuel binder into a composite propellant, the resultant bum 
rates vary by as much as an order of magnitude. The bum rate of AP composite 
propellants exhibits a very strong particle size dependence (as indicated in Fig. 9). 
In contrast, the bum rates of HMX composite propellants are much lower than 
those of AP propellants and show a much smaller particle-size dependence. 

Thermochemical calculations for AP composite propellants indicate a primary 
flame temperature on the order of ~2500-2800 K for typical concentrations as 
shown in Fig. 5. Thus, the AP diffusion flame is much more energetic than the AP 
monopropellant flame and leads to higher burning rates. HMX composite propel- 
lants have adiabatic flame temperatures on the order of 2000 K implying a less 
energetic diffusion flame than the monopropellant flame leading to reduced rates. 
Because of the very large differences in burning rates of the different composite 
propellants, it was concluded that the dominant mechanism in the propellant com- 
bustion must be related to the primary diffusion flame, that is, as opposed to the 
monopropellant flame. 


C. HMX Composite Propellants 

Note that sufficiently fine HMX or RDX particles can melt in bulk near the 
burning surface due to their relatively low melting temperatures, for example, 
see Ref. 2 and Table 1. In contrast AP has a much higher (apparent) melting 
temperature that is very close to its surface temperature, resulting in thin layers of 
surface melt rather than bulk melting, for example, see Table 1 and Refs. 26-28. 
The melting of propellant ingredients can obscure the heterogeneity effect of the 
propellant within the combustion zone, affecting diffusion flame structure and 
reducing dependencies on particle size. This should be kept in mind for advanced 
ingredients having relatively low melting (or liquifaction) temperatures. 
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Fig. 10 Example of change in burning rate mechanism in HMX/HTPB propellant. 


In the past, certain types of HMX (and RDX) propellants have exhibited a burn- 
ing rate exponent break, 29 30 indicative of a change in combustion mechanism. 
To help identify the mechanism causing the slope break, Cohen 31 formulated two 
propellants using very narrow HMX particle-size distributions. Both propellants 
contained 75% monomodal HMX, one of 5 fun and the other 195 /tm. The burn- 
ing rate data for these propellants are presented in Fig. 10, along with the HMX 
monopropellant burning rate for reference. The coarse HMX propellant shows a 
dramatic change in exponent between 200 and 500 atm. At low pressure the rate 
is approximately one-fifth of the monopropellant rate with an exponent of ~0.55, 
whereas at very high pressure, the rate and exponent both approach that of the 
monopropellant, again indicative of another change in combustion mechanism. 
At ~500 atm, the fine HMX propellant shows an upward slope increase from 
~0.5 to greater than 1. Below about 300 atm, the fine HMX propellant has a rate 
that is about 2.5 times greater than the coarse HMX, but at high pressure, the 
coarse HMX propellant rate reaches 4 times that of the fine HMX. These very 
pronounced characteristics were unique to the Cohen propellants. Most other data 
for HMX composite propellants show less dramatic changes in burning rate. This 
is apparently due to the very narrow HMX particle-size distribution. More nor- 
mal propellants having ingredients with relative broad particle-size distributions, 
often bimodal and trimodal sizes, seem to blur these effects, making definitive 
explanations more difficult. 

Before the publication of the Cohen data, 31 various mechanisms were postulated 
to explain the mechanism change. These included spalling of the HMX crystals 
due to high heat fluxes, changes in the condensed phase mechanism due to changes 
in the melt layer thickness, 32 mixing of binder and HMX melt layers, 33 changes 
in kinetic mechanism, etc. However, none of these adequately explained the data. 
Cohen 31 reasoned that at high pressure the large HMX did not melt significantly 
and burned at the monopropellant rate, dominating the overall propellant rate. At 
low pressure the binder melt was postulated to be sufficiently thick that it could 
flow and mingle with the adjacent melting HMX crystals inhibiting their burning 
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Fig. 11 Postulated combustion mechanism of HMX composite propellants. 


rate. With increasing pressure the melt layers become thinner and would be less 
mobile, leading to the slope break. For the fine particles, Cohen reasoned that they 
were molten at all pressures tested, and so would not exhibit the dramatic slope 
breaks. Rates in the melt regime were reduced due to a cooler diffusion flame (as in 
Fig. 5). Further experiments by McCarty and Beckstead, 1920 making propellants 
with a wax binder that melted at low temperature, did show flowing of the binder 
over the surface and very sporadic burning as large HMX particles were covered 
by, or burned through, the layer of molten wax. 

In an attempt to model this behavior, Beckstead modified the BDP model and de- 
veloped a model based on where the overall propellant burning rate was dependent 
on how individual particles bum through the binder to an adjacent particle. 4,35 His 
approach is illustrated in Fig. 11. He postulated that at low pressure large HMX 
particles bum at the monopropellant rate, burning very little of the binder, leaving 
a pocket of charred, but unbumed, binder. The time to bum through the residual 
binder and ignite the next particle was postulated to be an important factor in 
determining the overall rate. Fine particles were postulated to bum in a diffusion- 
related flame, but approaching a premixed environment similar to the situation 
shown in Fig. 9. His model did not specifically address the slope breaks nor the 
very high-pressure behavior. 

Considering factors that could potentially cause the slope break, the following 
seem to be pertinent: the thermal wave depth, the melt layer thickness, the mono- 
propellant rate, the flame standoff distance, and the erosive gas velocity from the 
monopropellant flame. In going from low pressure to higher pressure, the thermal 
wave, melt layer thickness, and flame standoff distance all get smaller. Other than 
the flowing of the binder melt, already mentioned, none of these seem sufficient 
to explain the slope break. However, an erosive effect of the hot monopropellant 
gases flowing up over the binder wall formed from where a particle has burned is 
a concept worth considering. As pressure increases, the depth of a residual pocket 
could increase due to the increasing monopropellant rate. This would give the hot 
gases farther to travel, flowing over the binder, before escaping the pocket. The 
subsequent erosion of the binder would enhance the exposure of adjacent particles 
and their subsequent ignition. The more rapid exposure and ignition would allow 
the propellant to approach the monopropellant rate. This mechanism would be 
much less effective at low pressure, where the pocket depth would be small, but 
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much more effective with deeper pockets formed at higher pressures. By the same 
token, a binder that melts more readily would maintain the inhibition by keeping 
the pockets shallow. In fact, Kubota has published data for a series of HMX com- 
posite propellants that showed little change in exponent . 36 However, most of his 
propellants were formulated with binders that melt much more readily than HTPB. 


D. Summary 

Based on this brief review of mechanistic studies, one concludes that the AP 
primary diffusion flame is apparently the dominant combustion mechanism in 
AP-containing propellants, both composite and double base. The effect of the AP 
diffusion flame is related to the increased temperature of the primary diffusion 
flame, but is possibly more dependent on the increased reactivity of the chlorine- 
containing products leaving the burning surface. 

In contrast, diffusion related processes seem to be almost absent in HMX con- 
taining propellants. In composite propellants, fine particles may bum with a diffu- 
sion flame, but the flame is a reduced energy flame and, thus, causes a reduction in 
rate relative to the monopropellant rate. Also, there is a lack of very reactive species, 
such as chlorine oxides. Coarse particles essentially bum at the monopropellant 
rate, but at low pressure the HMX combustion products apparently cannot sweep 
away the inert binder or the HMX is impeded by molten binder flowing onto the 
HMX, resulting in a very reduced rate. At high pressures the HMX is able to over- 
come whichever of these impediments really exists, bum through the binder to an 
adjacent crystal, and cause the propellant rate to approach the monopropellant rate. 

In double-base propellants, the monopropellant rates of the binder and the HMX 
are very comparable, and the net burning rate of the propellant is usually close 
to that of the continuous medium, the binder. Stoichiometrically, HMX is not a 
true oxidizer and decomposition products from HMX and double base are very 
similar; neither contains a powerful oxidizing species such as chlorine oxides. It 
appears that the diffusion flame between the HMX and binder is similar enough 
to the individual monopropellant flames that it only causes small changes in the 
burning rate. This is very different from the AP/double-base diffusion flame. 


V. Combustion Characteristics of Advanced Propellants 

The objective of this chapter is to utilize the more or less familiar combustion 
characteristics of AP- and HMX-containing propellants to project the combus- 
tion characteristics of propellants made up of advanced ingredients. An important 
concept to establish is the role of AP. As mentioned, much of our understanding of 
combustion mechanisms has been based on AP, AP composite propellants and the 
BDP flame structure. Comparing the mechanistic aspects of AP and HMX in both 
composite and double-base propellants, it becomes apparent that the AP primary 
diffusion flame is the dominant mechanism in AP-containing compounds. This ob- 
servation is also strongly supported by the work of Parr and Hanson-Parr in their 
studies of diffusion flames . 37 38,39 In contrast, HMX-containing propellants seem to 
be devoid of an effective diffusion flame, apparently due to the lack of the very reac- 
tive chlorine species. In extrapolating to advanced propellants, note that none of the 
advanced ingredients discussed in this chapter contain chlorine. Thus, dominance 
of a diffusion flame in the combustion of a propellant seems to be an abnormality 
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associated only with propellants containing AP. Again, this is supported by the 
results reported in Refs. 37-39. Therefore, in attempting to project the combustion 
characteristics of advanced ingredients, HMX-related combustion characteristics 
such as that exemplified in Fig. 1 1 seem to be more appropriate. 

In AP-containing propellants, finer particles or more fine particles lead to a 
higher burning rate. The conclusions reached in the preceding paragraphs imply 
that particle-size effects in advanced propellants will most likely be small and 
mixed, similar to HMX conditions. This was verified by Pak, 40 when he presented 
Russian results for ADN propellants showing that propellants with larger particles 
burned faster than those with smaller particles. Parr and Hanson-Parr 41 have shown 
a similar result, burning sandwiches of ADN and HTPB. Their data show that the 
ADN bums very rapidly, leaving the HTPB virtually untouched. 

It appears that the burning rates of advanced propellants will depend to a great 
extent on the relative rates of the monopropellant ingredients. To a lesser extent, 
both the energy content of the ingredients and potential melting properties can also 
have an influence. Coarse particles would be expected to bum at approximately the 
monopropellant rate, but fine particles would bum with a premixed or diffusional 
flame based on the properties of the mixed ingredients. Thus, the relative mono- 
propellant rates of the propellant ingredients will be important. A high burning 
rate binder could control the propellant rate, or a high-rate additive, such as ADN, 
could control it. The size and concentration of fine particles will have an influence, 
but that influence will probably lead to reduced rates, not the increasing rates nor- 
mally observed with AP-containing propellants. The propensity for melting, either 
the solid or the binder, can also influence the rate, particularly at low pressures 
where the melt layer thickness is greater. 

For example, propellants based on a BAMO binder would be expected to have 
rates approaching the additive monopropellant rate due to the very low rate of 
BAMO. Therefore, it would be anticipated that the net rate would correlate with the 
monopropellant rate. Thus, because the monopropellant rates of ADN, CL20, and 
RDX are ordered ADN > CL20 > RDX, it would be anticipated that corresponding 
propellants would fall into the same general trend. At 68 atm, the ratio of monopro- 
pellant burning rates is ~3:2: 1 for these three ingredients. Thus it would be antic- 
ipated that propellant based on these compounds would have corresponding rates. 
Furthermore, for a relatively low energy binder, such as BAMO, it would also be an- 
ticipated that finer particles, or more fine particles, would tend to reduce the burning 
rate due to the dilution effect of the premixed flame between binder and particle. 

In contrast, GAP has a much higher rate than BAMO, comparable to, or slightly 
higher than, RDX. ADN and CL20 have higher rates than GAP, so GAP/ ADN 
or GAP/CL20 propellants would probably have rates approaching the ADN or 
CL20 monopropellant rate, but a GAP/RDX propellant would essentially bum 
at the GAP monopropellant rate. Thus, it would be anticipated that ADN and 
CL20/GAP propellants would have similar rates to the BAMO propellants, but 
the RDX/GAP propellant could have a different rate than the BAMO counterpart. 
Also, because GAP and BAMO have similar energies, the same trends with particle 
sizes and concentrations would be anticipated. 

Burning rate modifiers have been used effectively in both AP propellants and 
double-base propellants to modify the burning rate characteristics. These modi- 
fiers have not been discussed in this chapter. The use of burning rate modifiers 
has not been as successful with nitramine propellants. 42 Nitramine propellants 
can be catalyzed by catalyzing the binder, but modifying the combustion rate 
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of the nitramine has generally been unsuccessful. The extrapolation of these ob- 
servations to advanced-type propellants would be well beyond the scope of this 
chapter. One very tentative observation might be made. If the general premise is 
correct, and most advanced ingredients follow the proposed mechanism of HMX 
propellants, then it may be suspected that the advanced propellants would not be 
very susceptible to modification by modifiers, similar to the nitramine propellant 
experience. 


VI. Conclusions 

A brief review of key mechanistic work has been made. The conclusion is 
reached that, for propellants containing AP, the primary diffusion flame is the 
combustion mechanism that dominates the determination of burning rate. Finer 
particles, or more fine particles, increase the burning rate of AP-containing pro- 
pellants, and most AP-containing propellant have a rate higher than the AP mono- 
propellant rate. This appears to be true for both composite and double-base (or 
energetic) propellants. 

Using HMX as a typical example of advanced ingredients, one does not reach the 
same conclusion. In HMX composite propellants, the rate is almost always below 
the HMX monopropellant rate, and particle-size variation can either increase or 
decrease the propellant rate. An examination of available data indicates that for 
a binder that bums at a lower rate than HMX, such as HTPB, large particles will 
bum at their monopropellant rate, but may not bum through to the next particle 
in the propellant matrix. This can result in a relatively low propellant rate. At 
sufficiently high pressure, the HMX seems to be able to bum in a more continuous 
path, and the propellant rate approaches that of the monopropellant. Fine particles 
bum in a premixed state, where their decomposition products mix with the HMX 
decomposition products, diluting the energy of the flame and reducing the rate 
well below the HMX monopropellant rate. HMX propellants do not appear to 
have an effective diffusion flame, apparently due to a lack of chlorine containing 
compounds. 

Other advanced ingredients, such as ADN, CL20, BAMO, etc., appear to follow 
the HMX scenario. Even ADN and CL20, which are true oxidizers with excess 
oxygen in their combustion products, do not exhibit a reactive diffusion flame. 
Thus, it is anticipated that large particles will bum at their monopropellant rate, 
similar to HMX, and if there is a sufficient concentration of large particles in 
the propellant, the overall rate will approach that of the monopropellant. Also, 
most active binders are less energetic than the solid component, and thus the 
fine particles will bum in a diluted energy flame, which will have a negative 
effect on the burning rate. Fine particles bum in a premixed state, where their 
decomposition products mix with the binder decomposition products diluting the 
energy of the flame and reducing the rate, well below the solid’s monopropellant 
rate. Therefore, if a propellant is made up predominantly of fine particles it will 
most likely have a rate lower than the solid-monopropellant rate, corresponding to 
the flame temperature of the mixture. 
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Combustion of Solid Energetic Materials 



Chapter 2.1 


Overview of Combustion Mechanisms and 
Flame Structures for Advanced Solid 
Propellants 


M. W. Beckstead* 

Brigham Young University, Provo, Utah 


I. Introduction 

T HE solid ingredients used most often in modem solid propellants are am- 
monium perchlorate (AP) and cyclotretramethylenetetranitramine (HMX) [or 
cyclotrimethylenetrinitramine (RDX)] . The two most common binder systems con- 
sist of either an inert binder system based on a polybutadiene polymer, typically 
hydroxy-terminated polybutadiene polymer (HTPB), with various plasticizers, ad- 
ditives, and cross-linking agents, or an active binder system based on energetic 
components such as nitroglycerin (NG) and nitrocellulose (NC) or with a polyester 
or polyether polymer (PE). In general, comparing the combustion characteristics of 
monopropellants with the characteristics that occur when the monopropellants are 
combined with other ingredients to form propellants can lead to an understanding of 
the physical mechanisms that are involved. Note that the monopropellant burning 
rate of AP, HMX, and a typical NG/NC (or NG/PE) double-base propellant are sim- 
ilar. However, when a fuel and oxidizer are mixed together, a diffusion flame usu- 
ally results. In AP/HTPB this diffusion flame has a huge impact on the combustion 
process as a function of pressure. Mixing HMX into HTPB to form a composite 
propellant also has a significant effect on the combustion, but in a different manner 
than that observed with an AP/HTPB system. Combining HMX with NG and NC 
or NG/PE to form a composite modified propellant results in little change in the 
burning rate from that observed with the individual ingredients. Observations such 
as these have helped to establish an understanding of the combustion mechanisms 
that determine the burning rate characteristics of typical propellants. 

During the past decade the search for more energetic and more environmen- 
tally acceptable propellants has led to the development of advanced ingredients 
such as hexanitrohexaazaisowurtzitane (CL-20), ammonium dinitramide (ADN), 
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hydrazinium nitroformate (HNF), glycidyl azide polymer (GAP), bis-azide methyl 
oxetane/3-azidemethyl 3'-methyl oxetane (BAMO/AMMO), etc. These are consid- 
ered advanced in the sense that they are not commonly used in operational motors. 
The purpose of this study is to relate the observed combustion characteristics of 
the individual ingredients (as monopropellants) to postulated flame structures and 
mechanisms, based on observations with AP and HMX propellants. This chapter 
discusses the combustion and thermodynamic characteristics of the monopropel- 
lants and then conjectures the implications of various mechanisms on the potential 
combustion characteristics of actual propellants. The emphasis is on the qualitative 
effects of flame structure on combustion mechanisms. Time will not allow a de- 
tailed examination of the quantitative aspects of flame structure. For the same 
reasons, consideration of combustion characteristics has focused on flame temper- 
atures and on burning rate characteristics. Temperature sensitivity, erosive burning, 
ignition, and unstable combustion are beyond the scope of that considered here. 

II. Monopropellant Burning Characteristics 

In this section the monopropellant combustion characteristics of several ingre- 
dients will be examined to lay a foundation for the understanding of propellants 
containing these ingredients. Most of our understanding of combustion mecha- 
nisms has been based on AP composite propellants, and to a lesser extent HMX 
composite propellants. Because these two ingredients will be used as a basis for 
the comparisons to follow, some of their general combustion properties are sum- 
marized in Table 1 . These property values have typically been taken from previous 
review articles, for example, those of Kubota 1 and Boggs . 2 Note that the two com- 
pounds are very different in almost every category listed, except burning rate and 
exponent. The chemical composition, NH4CIO4 vs C^OgNg, the melt, surface 
and flame temperatures, and heats of formation are all very different, and yet the 
burning rates and exponents are very similar. 

The relative burning rates of a large number of typical monopropellant ingre- 
dients are shown in Fig. 1 . Most of these data (AP, HMX, RDX, ADN, CL-20, 
and HNF) are summarized in a recent paper by Atwood et al . 3 The AN data are 
from Ref. 4. The azide data (GAP and BAMO) are from Kubota and Sonobe , 5,6 
Kubota , 7 and Flanagan et al . 8 The burning rate of the azides depends on the relative 
concentration of the azide and the material used to solidify and/or plasticize the 
azide. Typically hexamethylene diisocyanate (HMDI) is used to cure GAP and 
tetrahydrofuran (TFH) with BAMO. The referenced burning rate data show that 
the azide burning rate is directly proportional to the N 3 bond density. The data 


Table 1 Comparison of AP and HMX combustion properties 


Property 

AP 

HMX 

Burning rate at 68 atm, cm/s 

0.8 

1.1 

Pressure exponent 

~0.7 

~0.8 

Chemical formula 

NH4CIO4 

c 4 h 8 o 8 n 8 

Adiabatic flame temperature, K 

1405 

3278 

Melt temperature, K 

-725-825 

553 

Surface temperature at 68 atm, K 

~825 

-750 

Heat of formation, Kcal/mole 

-70.7 

18.1 
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Fig. 1 Burning rate characteristics of ingredients used in solid propellants. 

included in Fig. 1 were chosen for materials with ~80:20 mixure of GAP/HDMI 
and a 60:40 mixture of BAMO/TFH as those mixtures were characterized most 
completely. Monopropellant ingredients used in double-base propellants, that is, 
nitrate esters, will be discussed later. 

Most of the monopropellants examined here exhibit linear characteristics relative 
to the power law burning rate curve, r = bP n . It is significant that the monopropel- 
lant burning rates of HMX and AP are very similar, at least from ~30 to ~ 150 atm 
with HMX having a rate ~20% greater than AP. Above ~150 atm the AP burning 
rate curve has a dip in it that is very uncharacteristic of most monopropellants. 
However, this behavior is not really applicable to motor operating conditions 
and, thus, will not be discussed further. ADN has two slope changes indicating 
rather complex combustion mechanism changes. At a typical operating pressure 
of 68 atm, ADN and HNF have the highest rates ~3-4 cm/s, whereas BAMO and 
AN are the lowest, approximately a full order of magnitude lower. Most of the 
ingredients have similar exponents, ~0.8-1.0, except for BAMO and GAP (both 
azides with exponents of ~0.5), and ADN, which has a variable exponent. 

Table 2 contains a summary of some of the combustion properties of these 
and other propellant ingredients. Material densities are typically in the range of 
1-2 g/cm 3 (Refs. 1 and 2). Heats of formation vary widely,' but are extremely im- 
portant, because they are a dominant factor in determining flame temperature. The 
equilibrium conditions were calculated from the given heat of formation, atomic 
composition, and density of each ingredient. The flame temperature is seen to vary 
significantly, from a low of 1 247 K for AN to a high of ~3500 K for CL-20. Most of 
the ingredients are made up of the CHON atoms. AN and ADN only contain HON 
atoms. AP is unique because it contains chlorine and produces the environmentally 
undesirable HC1. AP, ADN, AN, HNF, and CL-20 all produce molecular oxygen 
in their exhaust products, from 29% for AP decreasing down to 3% for CL-20. 

It is informative to examine the burning rates of the various ingredients as a 
function of their calculated flame temperature. Although it is somewhat intuitive 
to expect burning rate to be proportional to flame temperature (e.g.. Refs. 9 and 10), 
this is not necessarily the case. This is shown in Fig. 2. There is a general trend, 


Table 2 Monopropellant ingredient properties 


Equilibrium products, 1000 psi (mole fractions) 
Density A H f — 


Ingred. 

(g/cc) 

(Kcal/mole) 

T f , K 

MW 

o 2 

h 2 o 

CO 

<N 

O 

U 

h 2 

n 2 

HC1 

Nitrates 

ADN 

1.72 

-35.8 

2062 

24.8 

0.20 

0.40 




0.40 


AN 

1.73 

-87.3 

1247 

22.9 

0.14 

0.57 




0.29 


Perchlorate 

AP 

1.95 

-70.7 

1405 

27.9 

0.29 

0.38 




0.12 

0.20 

Nitramines 

CL-20 

1.96 

90.0 

3571 

27.4 

0.02 

0.14 

0.23 

0.10 

0.03 

0.37 


HMX 

1.90 

18.1 

3278 

24.3 


0.23 

0.25 

0.09 

0.09 

0.33 


RDX 

1.82 

14.7 

3286 

24.3 


0.23 

0.25 

0.09 

0.09 

0.33 


HNF 

1.86 

-17.2 

3090 

26.4 

0.10 

0.33 

0.02 

0.12 

0.01 

0.35 


Nitrate Esters 
NG 

1.60 

-90.7 

3287 

28.9 

0.07 

0.28 

0.11 

0.28 

0.01 

0.18 


TMETN 

1.47 

-106 

2839 

23.1 


0.26 

0.36 

0.10 

0.14 

0.14 


DEGDN 

1.39 

-103.5 

2513 

21.8 


0.25 

0.37 

0.08 

0.19 

0.11 


NC 

1.65 

-61.4 

2425 

28.4 


0.21 

0.43 

0.12 

0.13 

0.11 


Azides 

BAMO 

1.28 

53.3 a 

1725 

15.2 



0.11 


0.48 

0.39 


GAP 

1.27 

2.85 a 

1570 

15.7 


0.01 

0.19 


0.43 

0.32 


AMMO 

1.26 

4.32 a 

1536 

12.2 


0.01 

0.13 


0.58 

0.23 


a Kcal/100 g 
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Fig. 2 Dependence of monopropellant burning rate on flame temperature. 


but there are many discrepancies. AP, GAP, and HMX all have about the same 
burning rate, but their flame temperatures differ from 1400 to ~3200 K. ADN has 
the highest rate, but its flame temperature is a relatively low 2035 K. It appears 
that burning rates are dependent on many phenomena, including the initial bond 
breaking steps, concentration of various species leaving the burning surface (which 
bear on kinetics and the distribution of energetics), and the general mixture of atoms 
in the products. Although a quantitative prediction of propellant burning rate is 
beyond the scope of this chapter, it is felt that qualitative generalizations can be 
made based on the collective properties of the combined ingredients. 

Although AP and HMX have very different flame temperatures, they have very 
similar burning rates. Because of HMX having a higher flame temperature than AP 
(3200 vs 1400 K), one might expect it to have a much higher burning rate than AP. 
Thus, it is somewhat surprising that the HMX burning rate is only ~20% greater 
than that of AP. This is apparently due to a higher reactivity of reactions involving 
chlorine oxides (i.e., the typical surface products from the condensed phase of 
the AP) compared to reactions involving nitrogen-containing compounds (i.e., the 
typical surface products) of HMX. This observation is supported by the much 
lower burning rate of AN, which has a flame temperature comparable to AP but 
does not give off the reactive chlorine oxides. The decomposition products from 
AN are more comparable to those of ADN, and one would expect similar reaction 
kinetics to be involved with AN and ADN, but not with AP. Therefore, the much 
lower rate of AN apparently corresponds to the much lower flame temperature of 
AN compared to that of ADN. 

In a similar sense, the AP reaction path follows the reduction of the chlorine 
atom, whereas all of the other ingredients relate to some kind of a nitrogen reduc- 
tion path. Although Fig. 2 does not show an obvious correlation between various 
ingredients, the following paragraphs show that there can be definite correlations 
within families of ingredients. 

Double-base propellants are the classic example of the nitrogen reduction path. 
A characteristic of double-base propellants is that they bum with a two-stage flame. 
The inner flame is ~ 1200- 1700 K depending on both pressure and binder energy. 
A dark zone separates the inner flame from a final flame of ~1500-3000 K. again 
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Fig. 3 Burning rate dependence on binder heat of explosion for families of nitrate 
ester propellants based on both NG/NC and TMETN/NC. 


depending on pressure and binder energy. The effect of the heat transfer from the 
flame on the burning rate of the material is dominated by the inner flame that, in 
turn, dominates the burning rate. At high pressure (MOO atm) the two reaction 
zones merge, and only one flame is observed at higher pressures. The inner flame is 
apparently characterized by the reaction of N0 2 to form NO. The NO is relatively 
stable, leading to the dark zone. The stability of the NO molecule has also been 
observed in studies of air pollution. The end of the dark zone is characterized by 
the reaction of NO to react with various intermediates (such as N 2 0 and NO itself) 
and ultimately form N 2 . 

Because of the dark zone, it is not appropriate to correlate the burning rate 
with the calculated adiabatic flame temperature. However, the calculated heat 
of explosion (HEX) is an appropriate correlation parameter and represents the 
energy available in the combustion process. Figure 3 is a plot of burning rate 
vs heat of explosion for a classic NC/NG double-base series of propellants, and 
the corresponding analogs with trimethylolethane trinitrate (TMETN) substituted 
for NG (Ref. 11). There is a very definite correlation between burning rate and 
propellant energy. However, the NG-based propellants exhibit a higher rate than 
the TMETN propellants. NG has more energy than the TMETN, as reflected by a 
higher flame temperature; thus, one cannot expect the burning rates of all nitrate 
esters to fall within the same correlation. Cohen and Lo 12 explained this effect 
of nitrate ester ingredient by the species concentration of N0 2 available for the 
primary flame zone kinetics. 

Note that the burning rate of a typical double-base binder of M000 HEX, is 
~0.8 cm/s at 68 atm, compared to that of AP and HMX monopropellants, which 
are ~0.8 and ~ 1 . 1 cm/s, respectively. There is very little difference in their burning 
rates, even though the flame structure and chemistry are significantly different. 

Some time ago, Fogelzang et al. 13 obtained data showing a correlation of burn- 
ing rate vs flame temperature for families of N-nitro (nitramine) and C-nitro 
(nitrosamine) compounds. These data are presented in Fig. 4. Data were obtained 
for compounds with varying chemical structure, but with common backbone char- 
acteristics. The nitramines include both RDX and HMX. The data were taken 
at very high pressure (300 atm), but both families show a readily identifiable 
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Fig. 4 Comparison of monopropellant burning rate dependence on flame tempera- 
ture for families of nitramines (N-nitro) and nitrosamines (C-nitro) compounds. 


correlation. The intuitive trend of rate increasing with flame temperature is present. 
Thus, within a given family of ingredients having a common backbone structure, 
one can expect the rate to correlate with flame temperature. 

Having examined the burning rate characteristics of homogeneous ingredients, 
it is appropriate to consider the combustion characteristics of propellants that result 
from mixtures of ingredients. 


III. Solid-Propellant Combustion Characteristics 

The adiabatic flame temperatures for AP, ADN, HMX, and CL-20 in an HTPB 
binder have been calculated and are shown in Fig. 5 for varying oxidizer concen- 
tration. AP and ADN, which are true oxidizers, both show a maximum flame tem- 
perature near their stoichiometric mixture ratio. In the range of 80-90% oxidizer. 



Fig. 5 Calculated flame temperatures for AP, ADN, CL-20, and HMX composite 
propellants. 
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Fig. 6 Calculated flame temperatures for AP, ADN, HNF, CL-20, and HMX in an 
NC-based propellant. 


which is typical of practical propellants, AP, ADN, and CL-20 all have similar flame 
temperatures, whereas HMX is ~1000 K lower. These calculated temperatures 
should be characteristic of the diffusion flame in propellants that, in turn, relates 
to the particle size dependence of burning rate. HMX/HTPB propellants typically 
have a burning rate much lower than HMX monopropellant, whereas AP/HTPB 
propellants typically have a burning rate higher than the AP monopropellant rate. 
Apparently the HMX diffusion flame robs energy from the monopropellant flame, 
suppressing the overall propellant bum rate. Qualitatively this is in agreement with 
the calculated flame temperature. 

The calculated flame temperatures for AP, ADN, HMX, HNF, and CL-20 in 
an NC binder are shown in Fig. 6. AP, ADN, and HNF all show a maximum 
flame temperature near their stoichiometric mixture ratio. Up to 50-70%, which is 
typical of practical propellants, all have similar flame temperatures. Observe that 
the addition of HMX to a typical double-base propellant usually has little effect on 
the burning rate of the propellant. 14,15 As was noted, the relative monopropellant 
rates of HMX and double-base binders are very similar. Thus, combining two 
ingredients with comparable monopropellant rates and no effective diffusion flame 
results in little change in the overall propellant rate. 

Figure 7 shows data varying HMX concentration in a double-base binder. 16 The 
burning rate of the pure HMX is within ~20% of the burning rate of the double- 
base binder. The rate of the mixtures goes through a minimum between the rates 
of the two ingredients. Other experimental data, 17-20 show the same trend and 
additionally show that adding different-sized HMX particles at concentrations up 
to ~60% did not significantly alter the bum rate. This is not surprising considering 
that both HMX and double-base binder each contain CHON elements and similar 
energy levels. Calculated flame temperatures varying the percent HMX for double- 
base binders of varying HEX show that for a high-energy binder there is little 
change in the flame temperature of the propellant, for example, see Fig. 6. For a 
low-energy binder, adding HMX increases the flame temperature. The calculated 
temperatures all increase toward the adiabatic flame temperature of HMX, which 
is higher than any of the double-base flame temperatures. 
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Fig. 7 Burning rate characteristics of HMX in a double-base binder at varying pres- 
sures. 

However, the addition of AP to a double-base propellant increases the rate 
significantly, increasingly so for decreasing AP particle size. 11151718 Even though 
the calculated flame temperatures for an AP vs an HMX/double-base propellant 
are not significantly different, the resultant burning rates are. As noted, the kinetics 
associated with the chlorine reduction path appear to be significantly faster than 
those associated with the nitrogen reduction path. Thus, the AP related diffusion 
flame has a significant effect on the burning rate, whereas the corresponding HMX 
products diffusing into double-base products are sufficiently similar that there is 
little change in burning rate. 


IV. Solid-Propellant Combustion Mecha n isms 

The objective of the chapter is to utilize the basic combustion characteris- 
tics presented in the preceding sections to project the combustion characteris- 
tics of propellants made up of mixtures of advanced ingredients. To develop this 
logic, a brief review of the physical picture of how older propellants bum will be 
made. 


A. Phenomenological Concepts 

Understanding of the combustion mechanisms that determine solid-propellant 
burning rates have evolved over the past 30 years. In the 1960s, emphasis was 
determining the critical mechanism that controlled the burning rate and most at- 
tention was given to AP composite propellants. A typical example of identifying a 
single critical mechanism that would describe combustion behavior was the Sum- 
merfield granular diffusion flame (GDF) model. 21 That model was based on the 
concept that fuel and oxidizer gasify at the burning surface, leaving the surface in 
pockets of gases that diffuse together, reaction to determine the propellant burning 
rate. Although this interpretation enjoyed a degree of popularity, it was too nar- 
row in concept to describe the great variation in burning rates observed with AP 
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Fig. 8 Conceptual depiction of the BDP model for AP composite propellants. 


propellants for varying pressure, oxidizer particle size, and loading. In general, 
finer AP particle size causes an increase in burning rate, but at very low or high 
pressures this effect is diminished. Similarly, increased AP concentration tends 
to increase the burning rate, but this effect is also reduced at extreme pressures. 
The GDF model was not comprehensive enough to explain such a wide range of 
behavior. 

In the late 1960s Hermance 22 proposed a model of heterogeneous reaction at 
the burning surface between oxidizer and binder, creating an increased, reacting 
surface area. Although this concept resulted in a mathematical model that correctly 
gave the increased burning rate with decreasing particle size, Scanning Electron 
Microscope (SEM) photographs 23 failed to show the postulated undercutting of 
oxidizer crystals. 

In the early 1970s, Beckstead et al. published their multiple-flame [Beckstead, 
Derr, and Price (BDP)] model 24 This model proposed a complex interaction be- 
tween the oxidizer monopropellant flame and two different diffusion flames oc- 
curring above the oxidizer binder interface. Figure 8 illustrates this. This physical 
picture was sufficiently comprehensive to be able to explain most of the observed 
propellant behavior for many years. 


B. AP Composite Propellants 

Using this model, the burning rate is proposed to be very particle-size depen- 
dent due to the primary diffusion flame. For very small particles the diffusion 
aspect of the primary diffusion flame can be reduced, and the kinetic aspect can 
become dominant. For these conditions the particles and binder approach a pre- 
mixed condition. This behavior is illustrated in Fig. 9, adapted from Ref. 25. For 
increasingly large particles the monopropellant flame dominates and similarly re- 
duces the particle-size effect. 

These results indicate that the burning rate can change by an order of magni- 
tude through varying the AP particle size. For lower pressures the curve will shift 
downward and to the left, and for higher pressures it will shift upward and to the 
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Fig. 9 Variation in burning rate due to varying particle size, as predicted by the BDP 
model. 

right. The conclusion was reached that the primary diffusion flame was the dom- 
inant mechanism in determining the burning rate of AP composite propellants. 
However, it is very apparent that at either low pressures or for very small parti- 
cles, the kinetic aspect of the primary diffusion flame will be dominant, whereas 
for high pressures and/or large particles, the monopropellant flame will become 
dominant. 

AP and HMX appear to have similar monopropellant combustion characteristics, 
but when mixed with a fuel binder into a composite propellant, the resultant bum 
rates vary by as much as an order of magnitude. The bum rate of AP composite 
propellants exhibits a very strong particle size dependence (as indicated in Fig. 9). 
In contrast, the bum rates of HMX composite propellants are much lower than 
those of AP propellants and show a much smaller particle-size dependence. 

Thermochemical calculations for AP composite propellants indicate a primary 
flame temperature on the order of ~2500-2800 K for typical concentrations as 
shown in Fig. 5. Thus, the AP diffusion flame is much more energetic than the AP 
monopropellant flame and leads to higher burning rates. HMX composite propel- 
lants have adiabatic flame temperatures on the order of 2000 K implying a less 
energetic diffusion flame than the monopropellant flame leading to reduced rates. 
Because of the very large differences in burning rates of the different composite 
propellants, it was concluded that the dominant mechanism in the propellant com- 
bustion must be related to the primary diffusion flame, that is, as opposed to the 
monopropellant flame. 


C. HMX Composite Propellants 

Note that sufficiently fine HMX or RDX particles can melt in bulk near the 
burning surface due to their relatively low melting temperatures, for example, 
see Ref. 2 and Table 1. In contrast AP has a much higher (apparent) melting 
temperature that is very close to its surface temperature, resulting in thin layers of 
surface melt rather than bulk melting, for example, see Table 1 and Refs. 26-28. 
The melting of propellant ingredients can obscure the heterogeneity effect of the 
propellant within the combustion zone, affecting diffusion flame structure and 
reducing dependencies on particle size. This should be kept in mind for advanced 
ingredients having relatively low melting (or liquifaction) temperatures. 
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Fig. 10 Example of change in burning rate mechanism in HMX/HTPB propellant. 


In the past, certain types of HMX (and RDX) propellants have exhibited a burn- 
ing rate exponent break, 29 30 indicative of a change in combustion mechanism. 
To help identify the mechanism causing the slope break, Cohen 31 formulated two 
propellants using very narrow HMX particle-size distributions. Both propellants 
contained 75% monomodal HMX, one of 5 fun and the other 195 /tm. The burn- 
ing rate data for these propellants are presented in Fig. 10, along with the HMX 
monopropellant burning rate for reference. The coarse HMX propellant shows a 
dramatic change in exponent between 200 and 500 atm. At low pressure the rate 
is approximately one-fifth of the monopropellant rate with an exponent of ~0.55, 
whereas at very high pressure, the rate and exponent both approach that of the 
monopropellant, again indicative of another change in combustion mechanism. 
At ~500 atm, the fine HMX propellant shows an upward slope increase from 
~0.5 to greater than 1. Below about 300 atm, the fine HMX propellant has a rate 
that is about 2.5 times greater than the coarse HMX, but at high pressure, the 
coarse HMX propellant rate reaches 4 times that of the fine HMX. These very 
pronounced characteristics were unique to the Cohen propellants. Most other data 
for HMX composite propellants show less dramatic changes in burning rate. This 
is apparently due to the very narrow HMX particle-size distribution. More nor- 
mal propellants having ingredients with relative broad particle-size distributions, 
often bimodal and trimodal sizes, seem to blur these effects, making definitive 
explanations more difficult. 

Before the publication of the Cohen data, 31 various mechanisms were postulated 
to explain the mechanism change. These included spalling of the HMX crystals 
due to high heat fluxes, changes in the condensed phase mechanism due to changes 
in the melt layer thickness, 32 mixing of binder and HMX melt layers, 33 changes 
in kinetic mechanism, etc. However, none of these adequately explained the data. 
Cohen 31 reasoned that at high pressure the large HMX did not melt significantly 
and burned at the monopropellant rate, dominating the overall propellant rate. At 
low pressure the binder melt was postulated to be sufficiently thick that it could 
flow and mingle with the adjacent melting HMX crystals inhibiting their burning 
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Fig. 11 Postulated combustion mechanism of HMX composite propellants. 


rate. With increasing pressure the melt layers become thinner and would be less 
mobile, leading to the slope break. For the fine particles, Cohen reasoned that they 
were molten at all pressures tested, and so would not exhibit the dramatic slope 
breaks. Rates in the melt regime were reduced due to a cooler diffusion flame (as in 
Fig. 5). Further experiments by McCarty and Beckstead, 1920 making propellants 
with a wax binder that melted at low temperature, did show flowing of the binder 
over the surface and very sporadic burning as large HMX particles were covered 
by, or burned through, the layer of molten wax. 

In an attempt to model this behavior, Beckstead modified the BDP model and de- 
veloped a model based on where the overall propellant burning rate was dependent 
on how individual particles bum through the binder to an adjacent particle. 4,35 His 
approach is illustrated in Fig. 11. He postulated that at low pressure large HMX 
particles bum at the monopropellant rate, burning very little of the binder, leaving 
a pocket of charred, but unbumed, binder. The time to bum through the residual 
binder and ignite the next particle was postulated to be an important factor in 
determining the overall rate. Fine particles were postulated to bum in a diffusion- 
related flame, but approaching a premixed environment similar to the situation 
shown in Fig. 9. His model did not specifically address the slope breaks nor the 
very high-pressure behavior. 

Considering factors that could potentially cause the slope break, the following 
seem to be pertinent: the thermal wave depth, the melt layer thickness, the mono- 
propellant rate, the flame standoff distance, and the erosive gas velocity from the 
monopropellant flame. In going from low pressure to higher pressure, the thermal 
wave, melt layer thickness, and flame standoff distance all get smaller. Other than 
the flowing of the binder melt, already mentioned, none of these seem sufficient 
to explain the slope break. However, an erosive effect of the hot monopropellant 
gases flowing up over the binder wall formed from where a particle has burned is 
a concept worth considering. As pressure increases, the depth of a residual pocket 
could increase due to the increasing monopropellant rate. This would give the hot 
gases farther to travel, flowing over the binder, before escaping the pocket. The 
subsequent erosion of the binder would enhance the exposure of adjacent particles 
and their subsequent ignition. The more rapid exposure and ignition would allow 
the propellant to approach the monopropellant rate. This mechanism would be 
much less effective at low pressure, where the pocket depth would be small, but 
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much more effective with deeper pockets formed at higher pressures. By the same 
token, a binder that melts more readily would maintain the inhibition by keeping 
the pockets shallow. In fact, Kubota has published data for a series of HMX com- 
posite propellants that showed little change in exponent . 36 However, most of his 
propellants were formulated with binders that melt much more readily than HTPB. 


D. Summary 

Based on this brief review of mechanistic studies, one concludes that the AP 
primary diffusion flame is apparently the dominant combustion mechanism in 
AP-containing propellants, both composite and double base. The effect of the AP 
diffusion flame is related to the increased temperature of the primary diffusion 
flame, but is possibly more dependent on the increased reactivity of the chlorine- 
containing products leaving the burning surface. 

In contrast, diffusion related processes seem to be almost absent in HMX con- 
taining propellants. In composite propellants, fine particles may bum with a diffu- 
sion flame, but the flame is a reduced energy flame and, thus, causes a reduction in 
rate relative to the monopropellant rate. Also, there is a lack of very reactive species, 
such as chlorine oxides. Coarse particles essentially bum at the monopropellant 
rate, but at low pressure the HMX combustion products apparently cannot sweep 
away the inert binder or the HMX is impeded by molten binder flowing onto the 
HMX, resulting in a very reduced rate. At high pressures the HMX is able to over- 
come whichever of these impediments really exists, bum through the binder to an 
adjacent crystal, and cause the propellant rate to approach the monopropellant rate. 

In double-base propellants, the monopropellant rates of the binder and the HMX 
are very comparable, and the net burning rate of the propellant is usually close 
to that of the continuous medium, the binder. Stoichiometrically, HMX is not a 
true oxidizer and decomposition products from HMX and double base are very 
similar; neither contains a powerful oxidizing species such as chlorine oxides. It 
appears that the diffusion flame between the HMX and binder is similar enough 
to the individual monopropellant flames that it only causes small changes in the 
burning rate. This is very different from the AP/double-base diffusion flame. 


V. Combustion Characteristics of Advanced Propellants 

The objective of this chapter is to utilize the more or less familiar combustion 
characteristics of AP- and HMX-containing propellants to project the combus- 
tion characteristics of propellants made up of advanced ingredients. An important 
concept to establish is the role of AP. As mentioned, much of our understanding of 
combustion mechanisms has been based on AP, AP composite propellants and the 
BDP flame structure. Comparing the mechanistic aspects of AP and HMX in both 
composite and double-base propellants, it becomes apparent that the AP primary 
diffusion flame is the dominant mechanism in AP-containing compounds. This ob- 
servation is also strongly supported by the work of Parr and Hanson-Parr in their 
studies of diffusion flames . 37 38,39 In contrast, HMX-containing propellants seem to 
be devoid of an effective diffusion flame, apparently due to the lack of the very reac- 
tive chlorine species. In extrapolating to advanced propellants, note that none of the 
advanced ingredients discussed in this chapter contain chlorine. Thus, dominance 
of a diffusion flame in the combustion of a propellant seems to be an abnormality 
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associated only with propellants containing AP. Again, this is supported by the 
results reported in Refs. 37-39. Therefore, in attempting to project the combustion 
characteristics of advanced ingredients, HMX-related combustion characteristics 
such as that exemplified in Fig. 1 1 seem to be more appropriate. 

In AP-containing propellants, finer particles or more fine particles lead to a 
higher burning rate. The conclusions reached in the preceding paragraphs imply 
that particle-size effects in advanced propellants will most likely be small and 
mixed, similar to HMX conditions. This was verified by Pak, 40 when he presented 
Russian results for ADN propellants showing that propellants with larger particles 
burned faster than those with smaller particles. Parr and Hanson-Parr 41 have shown 
a similar result, burning sandwiches of ADN and HTPB. Their data show that the 
ADN bums very rapidly, leaving the HTPB virtually untouched. 

It appears that the burning rates of advanced propellants will depend to a great 
extent on the relative rates of the monopropellant ingredients. To a lesser extent, 
both the energy content of the ingredients and potential melting properties can also 
have an influence. Coarse particles would be expected to bum at approximately the 
monopropellant rate, but fine particles would bum with a premixed or diffusional 
flame based on the properties of the mixed ingredients. Thus, the relative mono- 
propellant rates of the propellant ingredients will be important. A high burning 
rate binder could control the propellant rate, or a high-rate additive, such as ADN, 
could control it. The size and concentration of fine particles will have an influence, 
but that influence will probably lead to reduced rates, not the increasing rates nor- 
mally observed with AP-containing propellants. The propensity for melting, either 
the solid or the binder, can also influence the rate, particularly at low pressures 
where the melt layer thickness is greater. 

For example, propellants based on a BAMO binder would be expected to have 
rates approaching the additive monopropellant rate due to the very low rate of 
BAMO. Therefore, it would be anticipated that the net rate would correlate with the 
monopropellant rate. Thus, because the monopropellant rates of ADN, CL20, and 
RDX are ordered ADN > CL20 > RDX, it would be anticipated that corresponding 
propellants would fall into the same general trend. At 68 atm, the ratio of monopro- 
pellant burning rates is ~3:2: 1 for these three ingredients. Thus it would be antic- 
ipated that propellant based on these compounds would have corresponding rates. 
Furthermore, for a relatively low energy binder, such as BAMO, it would also be an- 
ticipated that finer particles, or more fine particles, would tend to reduce the burning 
rate due to the dilution effect of the premixed flame between binder and particle. 

In contrast, GAP has a much higher rate than BAMO, comparable to, or slightly 
higher than, RDX. ADN and CL20 have higher rates than GAP, so GAP/ ADN 
or GAP/CL20 propellants would probably have rates approaching the ADN or 
CL20 monopropellant rate, but a GAP/RDX propellant would essentially bum 
at the GAP monopropellant rate. Thus, it would be anticipated that ADN and 
CL20/GAP propellants would have similar rates to the BAMO propellants, but 
the RDX/GAP propellant could have a different rate than the BAMO counterpart. 
Also, because GAP and BAMO have similar energies, the same trends with particle 
sizes and concentrations would be anticipated. 

Burning rate modifiers have been used effectively in both AP propellants and 
double-base propellants to modify the burning rate characteristics. These modi- 
fiers have not been discussed in this chapter. The use of burning rate modifiers 
has not been as successful with nitramine propellants. 42 Nitramine propellants 
can be catalyzed by catalyzing the binder, but modifying the combustion rate 
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of the nitramine has generally been unsuccessful. The extrapolation of these ob- 
servations to advanced-type propellants would be well beyond the scope of this 
chapter. One very tentative observation might be made. If the general premise is 
correct, and most advanced ingredients follow the proposed mechanism of HMX 
propellants, then it may be suspected that the advanced propellants would not be 
very susceptible to modification by modifiers, similar to the nitramine propellant 
experience. 


VI. Conclusions 

A brief review of key mechanistic work has been made. The conclusion is 
reached that, for propellants containing AP, the primary diffusion flame is the 
combustion mechanism that dominates the determination of burning rate. Finer 
particles, or more fine particles, increase the burning rate of AP-containing pro- 
pellants, and most AP-containing propellant have a rate higher than the AP mono- 
propellant rate. This appears to be true for both composite and double-base (or 
energetic) propellants. 

Using HMX as a typical example of advanced ingredients, one does not reach the 
same conclusion. In HMX composite propellants, the rate is almost always below 
the HMX monopropellant rate, and particle-size variation can either increase or 
decrease the propellant rate. An examination of available data indicates that for 
a binder that bums at a lower rate than HMX, such as HTPB, large particles will 
bum at their monopropellant rate, but may not bum through to the next particle 
in the propellant matrix. This can result in a relatively low propellant rate. At 
sufficiently high pressure, the HMX seems to be able to bum in a more continuous 
path, and the propellant rate approaches that of the monopropellant. Fine particles 
bum in a premixed state, where their decomposition products mix with the HMX 
decomposition products, diluting the energy of the flame and reducing the rate 
well below the HMX monopropellant rate. HMX propellants do not appear to 
have an effective diffusion flame, apparently due to a lack of chlorine containing 
compounds. 

Other advanced ingredients, such as ADN, CL20, BAMO, etc., appear to follow 
the HMX scenario. Even ADN and CL20, which are true oxidizers with excess 
oxygen in their combustion products, do not exhibit a reactive diffusion flame. 
Thus, it is anticipated that large particles will bum at their monopropellant rate, 
similar to HMX, and if there is a sufficient concentration of large particles in 
the propellant, the overall rate will approach that of the monopropellant. Also, 
most active binders are less energetic than the solid component, and thus the 
fine particles will bum in a diluted energy flame, which will have a negative 
effect on the burning rate. Fine particles bum in a premixed state, where their 
decomposition products mix with the binder decomposition products diluting the 
energy of the flame and reducing the rate, well below the solid’s monopropellant 
rate. Therefore, if a propellant is made up predominantly of fine particles it will 
most likely have a rate lower than the solid-monopropellant rate, corresponding to 
the flame temperature of the mixture. 
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Chapter 2.2 


Physico-Chemical Mechanisms of Solid 
Propellant Combustion 

G. Lengelle,* J. Duterque,* and J. F. Trubert^ 
ONERA, CMtillon, France 


I. Introduction 

M UCH work has been devoted, in various countries, to investigating the com- 
bustion mechanisms of solid propellants. It is timely to bring together the 
information obtained by the authors and compared with that of the literature on 
the combustion of the individual components as well as of their combination into 
propellants. This chapter is about the existing components and propellants: double- 
base (DB) propellants and active binders, inert binders, ammonium perchlorate 
(AP), HMX (octogen) and the corresponding composite propellants, ammonium 
perchlorate — inert binder (plus possibly aluminum), HMX (or RDX hexogen)— 
active binder. 

The viewpoint adopted here is that of the understanding of the combustion be- 
havior of propellants. Therefore, as much information as possible is presented 
about the fundamentals of the processes (thermal properties, kinetics in the con- 
densed phase and in the gas phase, etc.), and no attempt is made to establish a 
complete catalog of practical results on various propellants with different particle 
sizes, catalysts, and variations on the percentage of ingredients. The aim is to give 
as clear and conclusive a picture as possible. It thus precludes a complete discussion 
of the various, sometimes contradictory, mechanisms proposed in the literature. 
The main theme is to compare the different components and the corresponding 
propellants. 

Some attention is given to physico-chemical modeling. The aim is not so much 
to give the elements of mathematical descriptions that could be used for a priori 
computations of burning characteristics of propellants (to the extent that such 
computations are possible). The point is more to put to test the hypotheses made 
on the mechanisms of combustion by incorporating them into reasonable models 
and comparing the results thus obtained to experimental data. 
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These descriptions can also be viewed, alongside the data given for each com- 
ponent or propellant, as useful for understanding the regimes of combustion that 
go beyond quiescent steady-state burning, that is, erosive burning and unsteady 
(under pressure excursions or pressure oscillations) combustion responses. 

Table 1 gives information about the various types of propellants in actual use. 

Double-base propellants (made by the extrusion or powder casting techniques) 
are used in antitank rockets or missiles and in some tactical missiles. Their main 
advantage is that they produce a minimum amount of smoke (only from a small 
amount of additives). 

Composite propellants, based on AP without aluminum, generate reduced smoke, 
although HC1 and H 2 O vapor will precipitate into droplets in the plume under given 
temperature and humidity conditions. They are used for various tactical missiles. 
With aluminum they are widely used in missiles and space launchers. They pro- 
duce alumina smoke, which, in the case of space launchers, could be considered 
in the future to be undesirable (along with HC1). 

Composite propellants based on nitramines and an active binder (cross-linked 
polymer with nitroglycerin or other liquid nitrate esters) are used more and more. 
Without aluminum they are in the minimum smoke category, and they replace DB 
propellants. With aluminum they reach the highest specific impulse and density 
and have been used so far for the upper stages of strategic missiles. 

The combustion of the components and then of the various propellants will be 
discussed in the next sections. 


II. Combustion of DB Propellants and Active Binders 
A. Introduction 

It seems appropriate to consider DB propellant combustion mechanisms first 
because they correspond to relatively simpler premixed processes, which are easier 
to understand and because they have been investigated for a long time (starting in 
the 1950s) in the United States, the former Soviet Union, the United Kingdom, 
Japan, and France in particular. 

As will be seen, the mechanisms involved in the combustion of DB propellants 
also apply to the active binders (~ one-third polymer, ~ two-thirds nitroglyc- 
erin, or other liquid nitrate esters). General background on the combustion of DB 
propellants can be found in Refs. 1-6. 

Double-base propellants are made in a number of ways. When they are rolled or 
extruded, the components are nitrocellulose and nitroglycerin, to which stabilizers 
such as centralite and plasticizers are added. When they are cast, a casting powder 
(made of nitrocellulose, some nitroglycerin, and the various additives) is swelled 
within the mold by a liquid mixture of nitroglycerin and triacetin. The grain thus 
obtained is then inhibited and used free standing in the motor. The propellant 
ingredients can also be mixed, cast, cross-linked, and the grain case bonded. 

Adjustments to the relative amounts of nitrocellulose and nitroglycerin (Fig. 1) 
can increase the energetic level of the propellant or, in the usual terminology, its 
heat of explosion or calorimetric value, that is, the heat evolved in a calorimetric 
bomb by combustion under an inert atmosphere. One can then talk about cool and 
hot compositions. 

Double-base propellants are used in small- and medium-sized rockets and thus 
are exposed to varying ambient temperatures. The sensitivity of the motor operation 



Table 1 Performance/characteristics of various propellants 


Propellant 

Composition 
(main ingredients) 

p p , g/cm 3 

/ s (70/l) theoretical 
(losses), s 

Applications/Characteristics 

Extruded DB 

Nitrocellulose 

nitroglycerin 

<1.66 

<230 (~- 10) 

Antitank rockets and missiles 

A-S rockets 

Some tactical missiles (S-A) 

Minimum smoke 

Powder cast DB 

Nitrocellulose 

nitroglycerin 

<1.66 

<225 (~— 10) 

Antitank missile 

Some tactical missiles (A-S) 

Minimum smoke 

AP 3 composite 

Ex: 

88% AP 

12% HTPB b 

1.72 

~250 (--10) 

Some A-S rockets 

Some tactical missiles 

Reduced smoke (HC1-H?0) 

AP composite 
with aluminum 

Ex: 

68% AP 

20% A1 

12% HTPB 

—1.82 

265 (--20) 

A-A tactical missiles 

Antiship missiles (booster) 

Tactical ballistic missiles 

Strategic ballistic missiles 

Apogee motors 

Boosters for space launchers 
(Titan III, IV, Space Shuttle, 

Ariane V, H2, . . .) 

Smokey (A1 2 0 3 ) 

HMX(RDX) 

composite 

HMX or R DX and 
XLDB C binder 

<1.75 

<255 (~—15) 

Antiship missiles (cruise) 

S-A missiles minimum smoke (without AP) 

HMX composite 
with aluminum 

HMX + AP + A1 
XLDB binder 

1.87 

273 

Strategic ballistic missiles (upper stages) 
(Trident, MX) 

Smokey (A1 2 0 3 ) 


Sources: Air et Cosmos, No. 1000, May 1 984; Annales des Mines, lan. -Feb. 1986; Aeronautique et Astronautique, No. 138. 1989. 
“Ammonium perchlorate (AP). b Hydroxyl terminated polybutadiene (HTPB). c Cross-linked double-base binders (XLDB). 
S-A: Surface to air. A-S: Air to surface. A-A: Air to air. 
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H,C-ONO, H ON0 2 



17 / 

H ON 0 2 H 2 C-0N0 2 J r 

Nitrocellulose 


H 

I 


I I I 

ON 0 2 ON 0 2 ON 0 2 Nitroglycerin 


Example of composition : 

1100 cal/g, 52,25 % NC, 42.75 % NG, 5 % others 

Fig. 1 Components of DB propellants. 


to temperature depends upon the propellant burning-rate sensitivity to both the 
temperature and the pressure. As can be seen in Fig. 2, the pressure exponent, 
in the usual empirical law Vb ~ p n , is around 0.7 and increases to nearly 1 at 
high pressure. Super-rate effects (Fig. 3) are created by the use of additives, most 
often lead and copper salts combined with carbon black. At the end of the super- 
rate zone, the burning rate falls back to that of the control propellant, with the 
occurrence of a nearly zero pressure exponent zone, a plateau effect, or a negative 
exponent zone, a mesa effect. These terms are used by analogy with topographical 
features. A fairly complete set of results can be found in Ref. 6. It is only in 
these reduced pressure exponent zones that the propellant is used to minimize the 


• Cool propellant 820 cal/g, 2220 K 

o Hot propellant 1100 cal/g, 2835 K 

• Very hot propellant 1250 cal/g, 3110 K 

• Pure nitoglycerln 1770 cal/g, 3260 K 



Fig. 2 Burning rate vs pressure laws: DB propellants. 
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(?) Cool propellant 
@ Hot propellant 
( 3 ) Very hot propellant 
© Cool propellant + 2 parts lead salt 

+ 1 part carbon black 
@ Hot propellant + lead and copper salts 
+ carbon black 
© Very hot propellant + lead salt 



motor operation sensitivity to ambient temperature. Therefore, the study of the 
combustion of propellants without additives should be conceived only as a first 
step toward an understanding of modified (that is, with additives) propellants. 


B. Flame Structure 

From the works already mentioned, it is possible to describe the combustion 
wave structure of DB propellants and in particular its chemical processes (see 
Fig. 4). These various data will be discussed and justified later. Gas analysis results 
are from Ref. 7; they refer to mass fractions. 

The propellant components pass unaffected through a preheated zone of a few 
tens of micrometers in a few milliseconds and reach a superficial degradation 
zone (or foam zone in the early literature) where the temperature becomes high 
enough for the molecular degradation to take place, initiated by the rupture of 
the C — O — // — NO 2 bond. Simultaneous recombination occurs, so that a mixture 
of NO 2 , aldehydes, but also NO emerges from the surface and so that the net 
energy balance of the degradation is exothermic. At pressures under about 100 atm 
(see Fig. 5), a clearly separated primary flame (fizz zone) and a secondary flame 
(luminous flame) are observed, the first involving NOi-aldehydes reactions and 
the second probably NO— CO reactions. In this pressure range the secondary flame 
is too far away to have any effect on the surface or even to induce a temperature 
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Figures for an 1 100 cal/g propellant. Surface and primary flame (at 1 1 atm) 
mass fractions from gas analysis 


Fig. 4 Various zones in the combustion of a DB propellant. 


gradient into the primary flame. The burning rate is then entirely under the influence 
of the latter. This corresponds to a burning rate/pressure law with a 0.7 pressure 
exponent (Fig. 2). As the pressure increases, the secondary flame enhances and 
then merges into the primary flame, and a transition is observed to a zone with a 
pressure exponent close to 1 . When the secondary flame is fully developed, even 
at pressures for which it does not yet influence the burning rate, the final products 
(N 2 , CO, C0 2 , H 2 0, and H 2 ) and the final temperature (2100-3100 K, depending 
on the heat of explosion) are attained. Table 2 gives data relative to the various 
zones of the combustion wave. 



Fig. 5 Temperature profiles at various pressures. 
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Table 2 Characteristics of the combustion zones 


Pressure, 

atm 

v b , 

mm/s 

T„ K 

Preheated 
zone, fim 
(measured/ 
computed) 

Residence 
time in 
preheated 
zone, ms 

Superficial 

degradation 

zone,/im 

Residence 
time in 
superficial 
zone, ms 

Flame 

thickness, 

gm 

(measured) 

10 

1.9 

610 

140/194 

100 

11 

6 

200 

50 

6.7 

662 

50/55 

8 

3 

0,5 

75 

100 

10.6 

685 

45/35 

3 

2 

0,2 

110 

(secondary 

flame) 


Note: Measured results from Zenin. 


C. Condensed-Phase Processes 

The preheated zone of a regressing propellant is described by the conservation 
of energy in a coordinate (x > 0 in the gas phase) regressing with the surface: 

(dT\ da, dr/dr) 

= — £ 0) 

in such a way that a temperature profile 

(T - T a )/(T S - T 0 ) = exp(. xv b /d p ), d p = X p /p p c p (2) 

will progress with the surface into the propellant. From measurements up to 100°C, 
and from ignition experiments, representative average values of the condensed 
phase properties for DB propellants are taken as indicated here: p p = 1.6 g/cm\ 
c p =0.4 cal/g K, X p =5.1 x 10~ 4 cal/s cm K, and d p =0.8 x 10~ 3 cm 2 /s. 

The thickness e con d. of the conduction zone can be taken conventionally as 

r(end of cond. zone) — T a — 1(T 2 (T s - T a ) 

Ccond. = (d p /v b )(~\0 2 (3) 

As an example, for v b = 10 mm/s, e con d. = 37 /zm, a thickness through which the 
temperature rises from 293 K to about 700 K. The residence time through this 
conduction zone is 


tcond. = (d p /vl)Ll0 2 (4) 

about 4 ms in this example, a very short time for a temperature increase of 400 K. 

The superficial degradation zone has its thickness ruled by the conservation of 
the nondegraded propellant mass fraction Y p : 

with the decomposition represented by an Arrhenius law. Numerous investiga- 
tions by thermogravimetric analysis (T/A) and differential scanning calorimetry 
(DSC) on nitrocellulose, nitroglycerin, and other nitrate esters, as well as on DB 
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propellants, and ignition studies 5 result in these values for the condensed phase 
degradation kinetics for DB propellants: decomposition order 0, A c = 1 x 10 17 s -1 
and E c = 40 kcal/mol. The thickness of the degradation layer is related to the fast 
drop in the degradation rate. When this rate is 10 -2 that at the surface temperature, 
the lower limit of the reaction layer is conventionally reached: 

exp[— £ f /(l - A T/T,)\ = 10~ 2 exp(-£ c ), £ c = E C /RT S 

The temperature drop is then 

AT/T S = l/(l +£ C /M0 2 ) (6) 

AT ~ 100 K for T s = 700 K. Such a temperature drop inserted in Eq. (2) gives an 
estimation of the reaction-layer thickness 


^reaction = ~(d p /v b )^[l - AT /(T s - T 0 )] 
or, taking into account the magnitude of the reduced activation energy ( £ c ~ 30), 


^reaction — ^cond. T s / £ C (T S Tq) 


(7) 


For the values just taken, at v b = 10 mm/s then e reac t — 2 /nm, with an associated 
residence time r reac t — 0.2 ms. 

The summation of Eq. (5) through the degradation layer results in 


P P Vb(Y p , s - Tp, 0 ) = - J p P A c exp 

~ ( 8 ) 

A more rigorous approach 8 (which is almost identical to a numerical computation 9 ) 
gives 

vj = (d p /£ c )A c exp(-£ c )/(l - T 0 /T s - Q s /2c p T s ) (9) 

This equation indicates a relation between surface temperature and burning rate: 
the mass flow rate p p v b emitted from the surface is the result of the decomposition 
of the propellant into gases throughout the superficial degradation layer Eq. (8). 
The higher the burning rate v b , the smaller the residence time T rea ct. ~ 1 /vf, and 
the higher the surface temperature required for the complete degradation of the 
propellant. 

Traverses with microthermocouples (as already seen, the thickness of the com- 
bustion wave is of the order of tens of gm) allow measurements of the surface 
temperature (see Refs. 2-5). One example is given in Fig. 6. The results from 
various sources are collected (see Ref. 5), as burning rate vs l/T s , in Fig. 7. Also 
indicated is the correlation obtained from Eq. (9). Because of the thinness of the 
conduction zone, a few tens of micrometers, fairly large errors, and scatter should 
be expected in the measurements of the surface temperature. Nevertheless, some 
conclusions can be reached (see also Refs. 3 and 10). The initial degradation of 
the propellant components is controlled by the breaking of the — C— O— //— NO 2 
bond (characterized by the 40 kcal/mol activation energy). This is considered to be 
a purely temperature sensitive process and irreversible (therefore not influenced 
by the pressure level). The kinetics of the degradation is the same from thermal 
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Fig. 6 Temperature profile in the condensed phase. 


decomposition [by TGA and DSC] at about 400 K, to ignition from 400 to 500 K 
(Ref. 5) and combustion at temperatures up to 700 K. Also important is the conclu- 
sion, if one looks at the details of Fig. 7, that the presence of super-rate producing 
additives does not affect the condensed-phase kinetics (although it should be noted 
that Kubota 3 thinks that such an effect exists). 

The energetics of the reaction layer is now to be considered. The initial degra- 
dation of the propellant, taking into account the assumed decomposition of nitro- 
glycerin into 3N0 2 , 2 CH 2 O, and 0.5(CHO>2, is thought to give (for the example 
of the 1100 cal/g propellant) the mass balance 

1 propellant -* 0.467NO 2 + 0.364CH2O + 0.1(CHO)2 + 0.06 hydrocarbons 

GO) 


with a corresponding endothermic heat of degradation 


Qd — —135 cal/g of propellant 

It is thought 5,910 that within the superficial layer the exothermic reaction between 
NO 2 and aldehydes can start. A plausible mole balance (to match various results, 
in particular the analysis 7 of the gases emitted from the surface of regressing 
propellants) is 

no 2 + CH 2 0 -» NO + |CO + ico 2 + ±h 2 o + ±H 2 (1 1) 

with a corresponding exothermic heat of reaction 

Q no , = 1040 cal/g of NO 2 

Conservation of the species N0 2 (in terms of mass fraction T) is written (diffusion 
is not taken into account) 


PpVb 



TNo 2 ,;P P A c exp^— - a no 2 (^) 


Tno, exp 



( 12 ) 
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«a Microthermocouple 
a Microthermocouple 
® Reference, microthermocouple 
® + additives, microthermocouple 

• Microthermocouple 
o " Light pipe method" 

• “Thermal noise method" 
m Microthermocouple 

— Corresponds to A =110” s', E,- 
Q,=100cal/g, T. 


ONER A (llOOcallg) 

SUH 

KUBOTA 

KUBOTA 


ZENIN 

SELEZNEV 

DENISYUK 


Propellant 

“IT 

(reference) 

T=m-c 


= 40 Itf cal/mole 
=20°C, d,=0.8 ItT* cnf/s 



Fig. 7 Pyrolysis law for DB propellants. 


if a first-order reaction with respect to the molar concentration of NO 2 is assumed 
(it will be seen that this is probably the case). 

Conservation of energy is written 

= - Qdi*>p - £?no 2 &>no 2 (13) 

with (d p the rate of reaction of the propellant, as in Eq. (5), and &> N02 that of N0 2 as 
in the second term of Eq. (12). The summation of Eqs. (5), (12), and (13) through 
the condensed phase to the surface leads to 


w (Sj 


d(kdT/dx) 

dr 


X 



— PpVb(CgT s C P T 0 Qs) — PpVbQc 


Qs = Qd + <2n0 2 (1n0 2 ,i — 1n0 2 ,j) 


(14) 

(15) 


The first equation is the heat balance at the surface, which means that the heat flux 
from the flame in the gas phase allows the heating and pyrolysis of the propellant. 
The net heat of decomposition of the propellant Q s is exothermic, to the extent 
that some N0 2 already reacts exothermically in the condensed phase. 
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From thermocouple traverses, such as in Fig. 6, and the balance of Eq. (14), the 
net heat Q s can be estimated (again, scatter should be expected). The results from 
various sources are given in Fig. 8. The net heat of decomposition is seen to be 
exothermic and increasing with burning rate (because of an increase in pressure). 
Summation of Eq. (12) yields [with Eq. (5) taken into account] 


P P Vb(Ym 2 ,i 


W) = A\o 2 


- A NOz 




and with Eq. (8) 


Tno 2 , - T N o 2>i 


(pM/RT s )exp{-E NO JRT s ) 
exp {-E C /RT S ) 


This relation indicates that the amount of NO 2 reacting in the condensed phase 
will increase with pressure, and thus Q s will increase, if the reaction rate for NO 2 
catches up with the decreasing residence time in the degradation layer. 


freact. ~ 1 /v\~ l/e\p(—E c /RT s ) 

[because of Eq. (9)]. A plausible law is obtained for a first-order NO 2 reaction 
with an activation energy E^o 2 of about 15 kcal/mol. 
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The observation should be made that the heat evolved in the condensed phase 
Q s has to be affected by the amount of NO 2 present in the propellant, that is, by 
the heat of explosion. 

One important feature of Fig. 8 is that the heat evolved in the condensed phase 
is not affected (considering the scatter) by the presence of additives. 


D. Flame Zone 


As just seen, the reaction between NO 2 and aldehydes starts in the condensed 
phase in such a way that the surface gas composition 7 indicated in Fig. 4 is ob- 
tained, with NO 2 being significantly less (0.255) than what results from the initial 
degradation of the propellant (0.467, in the case of an 1 100 cal/g propellant) and 
with NO already present (0. 14). The mole balance of Eq. (11) also allows match- 
ing the gas analysis at the end of the primary flame (Ref. 7, measurements at 
11 atm): 

N0 2 + CH 2 0 -> NO + ±CO + {co 2 + |H 2 0 + jH 2 

£?no 2 = 1040 cal/g of N0 2 (11') 

It is likely that aldehyde-aldehyde reactions also occur following (again to match 
the gas analysis results) 

CH 2 0 -I- CH 2 0 -> CO + iC 2 H 4 + H 2 0 

Qaid.! = 389 cal/g of CH 2 0 (16) 

(CHO) 2 + (CHO) 2 -+ 4CO + 2H 2 

Qm .2 = -533 cal/g of (CHO) 2 (17) 

At low pressure, when probably only reaction (11) can take place, an energy bal- 
ance between the initial temperature and the end of the primary flame yields 


CgTfp — c p T 0 = Qd + 2 no, 1 no 2 ,i . P 5 1 atm ( 18 ) 


because the initial N0 2 is totally consumed in the condensed phase and the pri- 
mary flame. An evaluation of Tfp = 1340 K results. As seen in Fig. 9, measurements 
with small thermocouples indicate a large increase with pressure of the primary 
flame temperature from this value. The aldehyde reactions of Eqs. (16) and (17) 
do not produce significant amounts of energy. The assumption is made 5 that the 
NO already present at the surface as well as that produced from the N02-aldehyde 
reaction react with the layer of carbon residue attached to the surface, which is ob- 
served by direct visualization under combustion and after extinction by scanning 
electron microscopy. 

The NO/carbon reaction has been investigated in Ref. 1 1 . If one makes use of the 
results obtained, the conservation of the species carbon can be written as (knowing 
that the carbon layer regresses with the surface) 


/d p c 

HdJ 


wno — —4 no/c exp ( - 


(- 


)-( 

) 


M c 

A^no 


wno 


£no/c 

RT 


p c S StC YnopM, in g/enrs 


(19) 
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Measurements by microthermocouples j 

• 

Cool propellant 

0NEHA 

■ 

NG ■ polymer binder 

0NEHA 

® 

Cool propellant 

KUBOTA 

O 

Hoi propellant 

0NEBA 

© 

Hoi propellant 

KUBOTA 

— 

Curves are plausible evolutions | 



(this form resulting from the way the data of Ref. 1 1 are presented). The reaction 
balance is assumed to be 

NO + C-> jNt + CO, Qno/c = 1 600 cal/g of NO (20) 

and S s , c is the specific surface area of the carbon (at most 10 6 cnr/g). Reference 
1 1 produces (after rounding Eno/c) 

A N o/c = 2 x 10~ 3 mol/s cm 2 atm, £ N o/c = 30 kcal/mol 

A rough estimate of the amount of N 2 produced by reaction (20) through the 
primary flame is given by (with m = p p Vb the mass-flow rate) 

ffilty.fp = — \{-M. c /M^o){o)^o)Xf 

where («no) is evaluated at average values through the flame. With p = 1 1 atm, 
Vb — 0.28 cm/s, (Tno) - 0.2, (p c ) - 0.5 g/cm 3 , ( T f ) = 1400 K, and Xf = 400 pm 
(from thermocouple measurements), the result is obtained: 

y N2 ,fp ~ 0.06 

a reasonable value (with respect to the result shown in Fig. 4). This tends to 
indicate that the NO/carbon reaction kinetics is indeed fast enough with respect to 
the residence time allowed in the primary flame. 

An energy balance taking into account the NO/carbon reaction is written: 

CgTfp -C p T 0 —Q d + (2n0 2 Tno 2 ,i + T NO ,cons. 2 NO/C + GalcjTald ,cons. (21) 
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(taking the aldehyde reaction into consideration gives a flame temperature that is 
cooler by about 80 K). In this balance Tno.coik. is the amount of NO consumed in 
the primary flame: 

Ino ,cons. = kN0 2 ,i(-^ / lNo/A / lN0 2 ) “ iNO.fp 

In the case of the example of Fig. 4 and taking into account the uncertainty on 
the measurements, iNO.cons. =0.035-0.047, and Eq. (21) results in 7f p = 1420- 
1475 K, an admissible value when compared to the results shown in Fig. 9. 

The temperature profile in the primary flame is controlled by the conservation 
of energy 5 


mc g 



d(k g dT /dx) 
da 


= “2n0 2 ' w N0 2 - 2nO/C«nO - Q aid Wald 


( 22 ) 


Representative values for the gas phase of DB propellants are as follows: c g — 
0.35 cal/g K, k g = 1 .25 x 10- 4 (T/700)° 7 cal/cm s K, and M = 30 g/mol. 

The evaluation of the heat flux received at the surface, which controls the burning 
rate according to Eq. ( 14), results from the summation of Eq. (22) through the flame 
zone. Only a true numerical evaluation of the temperature and species profiles will 
give the proper heat flux. However, conclusions can be drawn from approximate 
relations. The activation energies of the reactions of Eq. (22) being moderate, the 
flame is distributed and an approximation of the temperature profile is written 
as 


(T f - T)/(T f - T s ) = cxp(-3x/x f ) (23) 


which will produce a shape such as that of Fig. 6. The coefficient of 3 is such 
that, when x—Xf,Tf — T is 5% of 7/ — T s , that is, close enough to the final 
temperature. With Eq. (14) 


X 


g.S 



— — mQc — PpVb(.CgT s CpTc Q s ) 


Eq. (23) yields 


q s = 3^(7/ - T s )/x f , x f = 3X g ATf - T s )/mQ c (24) 

The summation of Eq. (22) through the flame results in 

mc g (Tf — T s ) + q s = Q g {co g )x / ((cD g ) positive is the average rate) 

or with Eqs. (14) and (24) and taking into account an overall equation for conser- 
vation of energy 


c g (Tf - T s ) = Qg - Q c , m = [3(co g )X g<s (T f - T s )/ Q c ]J (25) 

At very low pressure, ~ 1 atm, when probably only the NO 2 reaction takes place, 
the burning rate follows pressure according to [see Eq. (12)]: 

m = p p v b ~ ((w N o 2 )) ! ~ /^cxp(-£ N o 2 /2R7’ fp ) 


(26) 
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Fig. 10 Temperature sensitivity of DB propellants. 


a pressure exponent which is indeed observed (see Fig. 2). As the pressure 
increases, the NO/carbon reaction takes on more importance, and referring to 
Eq. (19), 

™ = PpVb ~ [p exp{-E m J RT fp ) + exp(-£ N0 /c/#r fp )] * (27) 

which, with the increase in flame temperature with pressure (see Fig. 9), accounts 
for the pressure exponent of 0.7. 

At higher pressures, above about 150 atm for the 1100 cal/g propellant for 
example, a change in the pressure sensitivity (Fig. 2) is observed. This tends to 
indicate that the secondary flame, probably characterized by a second order, with 
respect to pressure, reaction for NO, comes into the primary flame and progres- 
sively dominates it, with a pressure exponent, according to Eq. (25), increasing to 
close to 1. 

Results shown in Fig. 10 for the 1250 cal/g propellant indicate the temperature 
sensitivity of the burning rate defined as 

/ d CrvDfo \ 

= I -jjT- ) at given p (28) 

According to Eq. (27), the burning rate is under the influence of a premixed flame 
heat flux [noting that the condensed-phase energy balance also contains the effect 
of T 0 , see Eq. (14)] and is therefore very sensitive to changes in the primary flame 
temperature, in the pressure domain when the two flames are separated. From 
Eq. (21) any change in initial temperature will affect the primary flame temperature 
and therefore induce a change in burning rate. As the pressure rises, the primary 
flame temperature increases (up to 1800 K), and then for higher pressures the 
burning rate comes under the influence of the final flame (with a temperature 
reaching 31 10 K for the 1250 cal/g propellant). Equation (27) shows that a given 
change in T 0 and therefore in 7/ has a smaller impact on the burning rate for 
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Fig. 11 Burning rate vs heat of explosion: DB propellants and XLDB binders. 


higher flame temperatures, that is, for higher pressures, a tendency observed in 
Fig. 10. 


E. Active Binders 

Various types of active binders, based on nitrocellulose or an inert binder and 
nitroglycerin or less energetic liquid nitrates, can be used (see Ref. 10 for a complete 
description). The cross-linked double-base binders (XLDB), in which the polymer 
is cured with an isocyanate after mixing with NG, is considered here. These are 
the values for an XLDB binder: composition is ~ two-thirds NG, ~ one-third 
polyethylene glycol; heat of explosion = 850cal/g; Tg = 2000 K; p p = 1.42g/cm 3 ; 
c p =0.46 cal/g K; X p — 3.9 x 10 -4 cal/cm s K; d p = 0.6 x 10~ 3 cm 2 /s; Tno 2 ,i = 
0.421; and Q d = -150 cal/g. 

Although the burning rates of the different active binders can be, for a given heat 
of explosion, somewhat different at low pressures, 10 above 10 atm the differences 
become small (see Fig. 1 1 ). In the case of a DB propellant and of an XLDB binder, 
with nearly the same heat of explosion, the burning rates for a large range of 
pressure are very close (Fig. 12). 

Measurements of the degradation kinetics, of the surface temperature, of the 
heat evolved in the condensed phase, as in Fig. 8, and of the primary flame tem- 
perature, Fig. 9, for XLDB binders show that these characteristics are very close 
to those of DB propellants. 

Gas analysis at the surface gives results that are qualitatively comparable to 
those of DB propellants (Fig. 4). The mass fraction of the gases evolved from 
the surface for an XLDB binder 7 are listed as follows: NO 2 , 0.31; CH 2 O, 0.37; 
(CHO) 2 , 0.08; NO, 0.07; CO, 0.03; C0 2 , 0.04; H 2 0, 0.02; and HC, 0.08. It can then 
be stated that the combustion mechanisms of the various types of DB propellants 
and of the active binders are very similar. 
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F. Mechanisms of Action of Additives 

The incorporation of a few percent of lead (and copper) salts and carbon black 
permits the achievement of super-rate effects followed by mesa or plateau effects 
in the burning rate vs pressure laws of DB propellants (Fig. 3) and of active binders 
(Fig. 12), although in the latter case these effects are much less pronounced. 

What is thought to be the mechanism for the action of the additives has been 
presented in Refs. 5 and 6 by the authors and in Ref. 12. 

The active part of the lead salt has been found to be the oxide of lead that 
accumulates above the propellant surface after the salt has been trapped in the 
carbon residue layer, which can be observed, immersed in the primary flame (the 
decomposition kinetics of the salt is slower than that of the propellant components, 
and it thus emerges from the surface unchanged). If the propellant (when its heat 
of explosion increases) or the active binder naturally produces less carbon residue, 
then the lead-salt particles are in large part ejected from the surface and cannot 
act. This is probably the case when the amount of nitrocellulose is reduced (hot 
DB propellants) or almost absent (XLDB binders). In the latter case, however, 
the inert polymer leaves some carbonaceous residue. Addition of carbon black is 
probably helpful because it accumulates on the surface in the naturally produced 
carbon layer. 

The authors have found that PbO reacts preferentially with aldehydes to form 
carbon and CO 2 . The observation has been made systematically 6 that there is a 
relation between the amount of carbon residue and the magnitude of the super- 
rate observed (depending, for example, on the fabrication process: solventless 
extrusion, powder casting, mixing). The primary flame is caused by an NO 2 - 
aldehyde reaction. But NO also starts to react with carbon close to the surface, 
leading to the increase in primary flame temperature shown in Fig. 9. It is believed 
that the extra carbon produced in the presence of additives enhances the NO/C 
reaction (see Ref. 12 for more results on this reaction), depositing extra energy 
in the primary flame (an increase in primary flame temperature is observed in the 
presence of additives 5 ) and results in a higher heat flux to the surface, and thus a 
higher burning rate. 
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Fig. 13 Super rate effects. 


Figure 13 shows surface structures of a cool propellant with a strong super rate 
and a corresponding thick carbon residue. In this case visualization shows that a 
physical effect occurs in which the secondary luminous flame attaches in streaks 
to the carbon layer and brings its high temperature (~2200 K as compared with 
the ~ 1400 K of the primary flame) closer to the surface. The abrupt end of the 
super rate, the mesa effect, is believed to be caused by the too thick carbon residue 
being expelled from the surface. At the end of the mesa effect, the surface is almost 
devoid of carbon. 

In the case of hot propellants (Fig. 3), the super rate is probably caused only 
by the chemical effect of the enhanced NO/C reaction. As the pressure increases, 
the secondary flame, where NO reacts anyway, merges into the primary flame, the 
modified propellant is progressively caught up by the reference propellant, and a 
plateau effect results. 

When the propellant is ignited, it first behaves like the noncatalyzed propellant, 
until a carbon residue layer builds up and becomes efficient. 

In the high-pressure domain, when the flame system has been reduced to one 
overall flame, a second super rate occurs (when only lead salt or oxide is added); 
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see Fig. 13 for the cool propellant and Fig. 3 for a 1250 cal/g propellant. This 
effect seems to be purely physical, related to the presence of lead oxide parti- 
cles accumulating and embedding in the surface (Fig. 13) with, for example, an 
enhancement of the thermal conductivity of the flame zone or more probably 
a flame-holding effect (the protruding particles perturb the flow from the sur- 
face). At higher pressures and burning rates the thickness of the condensed-phase 
heated zone and reaction layer and flame zone becomes so small that the parti- 
cles will not attach to the surface or will be too large to perturb the combustion 
process. 


III. Pyrolysis of Inert Binders 

A number of books and shorter studies have been devoted to the behavior of poly- 
mers, whether or not they are usable as binders, under thermal loads; Refs. 1 3—17 
are examples. Much work has been carried out with TGA or DSC, with the highest 
heating rates on the order of 0.1°C/s. Under linear pyrolysis (for a binder within 
a solid propellant), the rate of temperature increase is of the order of 10 5o C/s. 
It is far from obvious a priori that the degradation kinetics will be maintained. 
In Ref. 8 the argument is made that this is indeed the case for a number of 
polymers. 

Although it is hardly a propellant binder. Teflon® is an interesting reference 
polymer. Its degradation kinetics (obtained by TGA) and thermal properties 8 
(A. p = 6.34x lCr cal/cm K s, p p = 2.l g/cm 3 , c p = 0.25 cal/g K) are indicated 
in Fig. 14. To extrapolate these characteristics to the regime of linear pyrolysis 
(obtained experimentally by pressing the sample on a hot plate), the procedure 
described in Ref. 8, also explained in the condensed-phase paragraph of the DB 
propellants section is applied. In the case of a first-order (with respect to the 
nondegraded polymer) reaction, the relation between regression rate and surface 
temperature is 

2 (A P j S C )A. C exp( S c ) 

Vr ~ (-&vT p , s )( 1 - T„/T s - Qs/c p T s ) + Q s /c p T s 


£c 


Ec_ 

RT S 


(29) 


Q s is the heat evolved in the condensed phase, in this case endothermic and about 
—340 cal/g (Y PiS the mass fraction of the remaining polymer at the surface can be 
set at 0.01). Numerical computation shows this relation to be accurate to within 
1%. Figure 14 shows that there is a good match between the extrapolated law 
and the measurements. These measurements were obtained under various atmo- 
spheres, with no perceptible influence. The conclusion is therefore reached that 
the pyrolysis of such a polymer is an irreversible thermal mechanism. 

In the case of an actual, widely used propellant binder such as hydroxyl ter- 
minated polybutadiene (HTPB), the same extrapolation can be made. Figure 15 
compares the calculation (thermal properties used: k p = 3.6 x 10~ 4 cal/cm K s, 
p p = 0.92 g/cm 3 , c p = 0.39 cal/g K) with the results of Ref. 15, which were ob- 
tained in a hybrid motor with gaseous oxygen on HTPB and with the surface 
temperature being measured by infrared (IR) pyrometry (with some dispersion). A 
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Fig. 14 Linear pyrolysis and extrapolation of thermogravimetric results (example of 
Teflon®). 


measurement obtained by the authors with C0 2 laser heating and IR pyrometer is 
also indicated. The agreement, considering the extent of the extrapolation, is very 
satisfactory. Further on, the pyrolysis law based on the TGA and DSC kinetics will 
be considered to apply. 

Equation (29) and Fig. 15 indicate how the surface temperature adjusts itself 
to allow the polymer to degrade into gases when the regression rate changes. To 
better understand the binder behavior, the nature of the gases resulting from the 
pyrolysis and the corresponding heat of degradation should be considered. 

The heat of ablation of HTPB was measured in Ref. 16 by relating the mass 
ablated to the radiation heat flux received by a sample. For a regression rate of 0.4 
mm/s (and from Fig. 15, T s ~ 1060 K) the following result is obtained: 

hab\ = c p (T s - To) - Q s = 750 cal/g, Q s = -450 cal/g (30) 

This value is compatible with the production of mostly C 4 H 6 as pyrolysis gas. 
Gas analysis at low temperature 13 reveals a complex set of gases (~45% in mass 
butadiene, ethylene, propene) resulting from the degradation of HTPB. If one 
evaluates the difference in heats of formation between the initial material and 
butadiene, one can see that 


Ah = h°(C 4 H 6 ) - h°( HTPB) = 496 cal/g - 5 cal/g « 490 cal/g 
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Fig. 15 Pyrolysis law for I1TPB. 


which is close to the measured heat of degradation. At high heating rates butadiene 
is probably the major degradation gas. 


IV. Combustion of AP 

AP, NH4CIO4, is a widely used oxidizer and as such has been the object of 
numerous investigations. References 18-22 are a sampling, one of them giving a 
detailed list. 22 A viewpoint on the combustion of AP is presented here, attempting 
to make use as much as possible of the various experimental data available. Be- 
cause of the large number of works on AP combustion, somewhat contradictory 
interpretations and corresponding models have been produced. A simplified model 
is presented, which is considered to represent reasonably the combustion mech- 
anism of AP, although it will not be in agreement with all of the just-mentioned 
interpretations. 


A. Condensed-Phase Behavior 

The considerations already presented for the condensed phase of a pyrolyzing 
monopropellant apply to AP. The conduction zone has a thickness 

^cond. = (dp/Vb) ^10 

(with the thermal diffusivity 21 d p ~ 1.2 x 10 -3 cm 2 /s at an average tempera- 
ture in the heat wave) thus equal to ~55 /zm for a burning rate of 10 mm/s. 
The condensed phase values for AP 19,21 are listed here: c p — 0.3 1 cal/g K 
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Fig. 16 Autonomous combustion of AP. 


(orthorhombic phase < 513 K) = 0.365 cal/g K (cubic phase); p p = 1.95 g/cm 3 ; 
and d p = 2.5 x 10 -3 — 4.55 x 10 -6 T (°C) cm 2 /s. 

Based on observations by scanning electron microscopy after extinction, the 
idea has been advanced that the self-deflagration of AP, possible only above 20 
atm, requires that a significant exothermic reaction already take place in the con- 
densed phase in a thin liquid layer (above a melting temperature estimated at 
835 K ). 19-22 The original idea of such a liquid layer was proposed by Price in 
1967 (see Ref. 19). 


B. Energetics of AP Combustion 

The model of Ref. 19 is adopted to describe the combustion of pure AP. The 
AP undergoes a phase transition at 513 K, melts around 835 K, and, in the thin 
(a few microns) superficial liquid layer thus created, an exothermic reaction af- 
fecting 70% of the AP takes place and creates the final combustion gases, O 2 in 
particular. The remaining 30% of the AP sublimes into NH 3 and HCIO 4 , which 
react exothermically in a premixed flame very close to the surface (a few microns) 
(Fig. 16). 

From the data presented in Ref. 19, the change of enthalpy per gram of AP 
required to heat up the AP to its surface temperature T s< ap is estimated as 

A/ih.ap = 0.31 (513 - 293) + 21 + 0.365 (835 - 513) + 60 

+ 0.328 (r, iAP - 835) = 266 + 0.328 (T s , A p - 835) cal/g (31) 

where the heat of transition and the heat of liquefaction appear. The exothermic 
condensed-phase degradation involves an enthalpy change of 19 

A h d,ap — —380 cal/g of reacting AP (32) 

The heat of sublimation is 58 ± 2 kcal/mol or 

A/i 5 ,ap = 476-510 cal/g of subliming AP (33) 

The adiabatic flame temperature for the combustion of AP alone is estimated in 
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Ref. 18 to be Tfa = 1205 K, corresponding to the reaction 

NH 4 CIO 4 -»• 0.265N 2 + 0.12N 2 O + 0.23NO + 1.62H 2 0 

+ 0.76HC1 + 0.12C1 2 + 1.015O 2 (34) 

The change of enthalpy A/ic.ap* corresponding to the combustion of the sublimed 
NH 3 and HCIO 4 [to give the combustion products of Eq. (34)], is obtained from 
the equation expressing the conservation of enthalpy between the unreacted AP at 
initial temperature and the combustion products downstream of the flame: 

0.3A/2c,ap + c g(T} d AP ~ Tj.ap) +0.3Ahs,AP + 0.7A/j DjA p + A/j^.ap = 0 (35) 

For c g — 0.3, the value given in Ref. 19, it is found that 

A/ic, ap = -850 to —885 cal/g of reacting AP (36) 

depending on the value adopted for the heat of sublimation, 476 or 510 cal/g, and 
independent of the value of T s A p in the range found in Ref. 19. 

The value given here for the transformation of AP into gases [that is, NH 3 and 
HCIO 4 for the subliming 30% and the combustion gases of Eq. (34) for the 70% 
reacting in the condensed phase], namely 

-Q,= 0.3 (476 to 510) + 0.7 (-380) = -123 to - 1 13 cal/g of AP (37) 

is also found in Ref. 20, where a model for the combustion of AP similar to that of 
Ref. 19 is adopted. The heat evolved in the condensed phase Q s (>0 if exothermic) 
will be set equal to 120 cal/g. 

One last check of consistency can be performed. With the enthalpy of forma- 
tion of AP at h ° A p = —602 cal/g and that of the combustion products of Eq. (34) 
h^p = —877 cal/g, an overall energy balance between initial AP and combustion 
products is 

C 8^/,AP 3" ^CP = c ortho7o + ^AP (38) 

resulting in Tj \ p = 1215 K, which is close enough to the preceding value. 


C. Surface Pyrolysis of AP 

Attempts to measure the surface temperature give values between 670 and 973 K. 
These results, obtained either by using thermocouples imbedded in the AP pellet 
or by measuring the radiation emitted by the surface, are always associated with 
some uncertainty because of the operating methods. In effect, the large size of 
the thermocouples, in relation to the temperature gradients encountered, favors 
errors; further, the measurement represents an averaging of surrounding condi- 
tions. The temperatures thus obtained are therefore probably somewhat lower than 
the actual temperatures. In the case of experiments using an optical technique, 
the temperature is deduced from measuring the radiation emitted by the surface 
and transmitted by the gaseous layer. The disturbance caused by the radiation 
of the gases and the screening action of the flame limits the application of this 
method to 60 atm. That is why the original technique suggested by Seleznev, 23 
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carried out by using a sapphire light guide inserted into the solid substance and 
by reading the IR emission in the direction of the condensed phase, has the con- 
siderable advantage of providing a direct measurement of the radiation emitted by 
the surface without any hot gases and the reaction of the flame being interposed. 
Its application can therefore be extended to high pressures, and the measurements 
appear to be more convincing. These results enable a definition of the AP pyrolysis 
law. 

Further, estimates of the AP melting temperature have been put forward by a 
number of authors; the values suggested vary from 715 to 865 ±20 K and are 
useful in interpreting the extinction phenomenon at low pressure. 

The pyrolysis law of AP is written as 


wap = PApUi.AP = Aj.Apexpl— E s ^p/RT s ) (39) 

The parameters characterizing the pyrolysis law are determined so as to obtain 
a good agreement between the rates and the surface temperatures measured by 
Seleznev- 3 (Fig. 17). The activation energy obtained is 20 kcal/mol, a figure com- 
patible with the various estimates encountered. The measurement of the surface 
temperature made at 40 atm is the only one that deviates from that computed 
by the pyrolysis law used. On the other hand, for the critical rate of 0.27 cm/s 
obtained at 20 atm (the AP combustion pressure limit), this law allows for a 
surface temperature of 830 K, corresponding to the assumed AP melting 
temperature. 19 


D. Flame Structure of AP Combustion 

The approach described in Ref. 19 considers 14 different reactions for the flame 
zone of the AP, involving 30% of the material sublimed into NH3 and HCIO4. An 



Fig. 17 Pyrolysis law for AP. 
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overall second-order reaction is then obtained: 


NH3 + HCIO4 -» products of Eq. (34) 


with an activation energy of E gt AP = 15 kcal/mol. 

A simplified model is constructed like the one used in the section on the DB 
flame. The temperature profile is approximated as 


n ap - t 


1 /, AP ' 

with the boundary condition 


Is, AP 



q s = 



= m AP Q c , 


Qc = Ah H AP — Qs 


(40) 


(41) 


Where Q c is the heat required to bring the AP from T 0 to gases at the surface [see 
Eqs. (31) and (37)]. 

Combining Eqs. (40) and (41) results in 


fflAP = 


3^.4 r / d AP ~ r,.Ap) 
x f Qc 


(42) 


Summation of the energy equation from r s , A p, x — 0, to xj yields, after using Eqs. 
(41) and (42) and Eq. (35) written as 

— Qg + C g(7/,AP ~ 7 ),Ap) + Qc — 0 

^AP = [3(w g >A. x , s (r^AP - T'^/Qcf (43) 

In this equation the average reaction rate is written as 

3((o g ) = p 2 A giA p exp(— Zsg iA p/ RT/ju) (44) 

expressing a second-order overall rate. The burning rate is then found to follow 
pressure with an exponent close to 1 . Representative values for the AP flame zone 
are listed here: p A p = 1.95 g/cm 3 ; £ s , A p = 20 kcal/mol; A^ap = 96,000 g/cm 2 s; 
Eg ,ap = 15 kcal/mol; A g ,Ap = 700 g/cm 3 s atm 2 ; y = 30%; c g — 0.3 cal/g K; and 
X g =1.9 x 10 -4 cal/cm s K. 

Taking into account the various values given for Vf, — 10 mm/s and 7), ap — 925 K 
the flame stand-off distance is obtained, as given by Eq. (42) and with Q c — 
175 cal/g, Xf~ 5 pm, the height to reach Tf within 5%. 

The only input data that is not defined from outside considerations is the pre- 
exponential factor A g , ap, which is used as a floating parameter for the model. 
Just by the choice of the prefactor A gjA p adjusted at 700 g/cm 3 s atm 2 , the model 
satisfactorily reproduces variations in the AP burning rate caused by pressure, 
as well as those caused by the change in the initial temperature of the prod- 
uct. Figure 18 provides a comparison of computed rate curves with experimental 
points. 21 

At sufficiently high pressures the energy transmitted from the flame toward the 
surface, to which must be added the effect of the superficial exothermic reactions, 
maintains the surface temperature above the AP melting point. When the pressure 
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(Exp. at 25, 50, 150°C from T. Boggs) 

Fig. 18 Burning rate of AP at different initial temperatures. 


falls, the premixed flame moves away, and the surface temperature can then drop 
below the limiting value, thus causing the disappearance of the liquid surface layer, 
which was enabling the exothermic reactions to occur. The energy from the flame is 
then much too small to maintain a pyrolysis that has become strongly endothermic, 
and the AP no longer bums. This minimum pressure, beyond which the combustion 
cannot propagate itself, sets the pressure limit for AP self-degradation. 

On the basis of this hypothesis, the combustion pressure limit is reached when 
the surface temperature is equal to the AP melting temperature. It is interesting to 
use the model in order to follow the variation of the computed limiting pressure 
with the initial temperature. At atmospheric temperature the combustion limit is 
20 atm, in agreement with experimental results. The critical rate of 0.27 cm/s 
and the surface temperature of 830 K, representing the AP melting temperature, 
correspond to it. The computational method consists, for the initial temperatures 
between 0 and 200°C, in finding for what pressure the surface temperature is 
equal to 830 K. A comparison between the computed and experimental pres- 
sure limits is very good (Fig. 19) and confirms the soundness of the hypothesis 
following which AP bums only if the surface temperature exceeds its melting 
temperature. 

One further set of results is presented. Questions have been raised about the 
combustion of AP at high pressures, above about 100 atm, with many conflicting 
results. Measurements of burning rates on carefully inhibited samples are presented 
in Fig. 20. The conclusion can be made that no strong change in the combustion 
regime is observed. The model based on the preceding hypothesis seems to follow 
quite well the results up to high pressures. One can argue that the combustion of 
AP is somewhat helped by some diffusional flame with the degradation gases of 
the inhibitor material and that the various anomalies seen in noninhibited samples 
are thus erased. 
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Chapter 2.3 


Flame Structure of Solid Propellants 

Oleg P. Korobeinichev* 

Russian Academy of Sciences, Novosibirsk, Russia 


I. Introduction 

I T is generally believed that future progress in the understanding of solid pro- 
pellant (SP) combustion is to arise from a clearer picture of the chemistry and 
physics taking place in SP flames. The combustion of SP is a complex multistage 
process based in the chemical transformations in the condensed- (C-) and in the 
gas- (G-) phase flame. Much more detailed information about the combustion 
chemistry of SP is required to enable progress in the understanding of SP com- 
bustion. It is important to understand the combustion chemistry because this is the 
type of information a propellant formulator or a chemist may use to tailor and/or 
improve the performance of the propellant. 1 

The main source of our knowledge of the combustion chemistry of SP comes 
from the results of flame structure studies: for example, spatial distributions of 
temperature and species concentration in flame. 2-9 Analysis of the data on SP 
flame structure provides information on the composition of the C-phase reaction 
products (gasification products) that are the products of SP thermal decomposition 
on its burning surface. This, in turn, makes it possible to understand what reactions 
take place in the C-phase and what their mechanisms are. On the other hand, the 
chemical structure of the SP flame provides information on the mechanism and 
kinetics of G-phase chemical reactions of further transformations of gasification 
products. These reactions are responsible for heat release in the G-phase. The 
development of SP combustion models requires information on these two reactions, 
the C-phase and the G-phase. It is impossible to develop a real SP combustion 
model capable of predicting SP burning rate and other SP ballistic characteristics 
without this information. 

The main methods applied to the investigation of chemical and thermal flame 
structure of SP are the following: 1) probing mass spectrometry 2-6 ; 2) spectro- 
scopic methods for absorption and emission, 1, 7,8 including planar laser-induced 
fluorescence, 8 spontaneous Raman scattering (SRS), and coherent anti-Stokes 
Raman spectroscopy, 9 and 3) the microthermocouple technique. 10 Systematic 
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studies of SP flame structure using laser spectroscopic methods have been carried 
out by Parr and Hanson-Parr 1112 and Modiano and Vanderhoff. 13 An essential 
feature of spectroscopic methods is that they are nonintrusive. However, there are 
many species (and very often the key species) in a flame that cannot be detected by 
this method for various reasons. For example, their spectra may be absent from the 
accessible wave number range, or apparatus sensitivity may not be high enough to 
provide their detection. Until recently, there were few works on SP flame structure. 
The improvement of experimental techniques, however, the development of works 
on flame structure modeling, and the rise of interest in SP combustion chemistry 
have increased the amount of research in this field. 

At present, one of the most effective and universally used experimental tech- 
niques for studying SP flame structure is mass spectrometric probing (MSPSPF), 
which was first presented in Ref. 14. This method allows the detection of all of the 
species present in the flame as well as determination of their concentrations and 
spatial distributions, that is, the study of the flame microstructure. The method is 
as follows: A burning strand of SP moves with a velocity exceeding the burning 
rate toward a probe, so that the probe is continuously sampling gaseous species 
from all the zones, including those adjacent to the burning surface. The sample is 
transported to an ion source of a time-of-flight or quadruple mass spectrometer. 
Mass spectra of samples are recorded with simultaneous filming of the probe and 
the burning surface. 

Two types of apparatus have been developed to study flame structure. The sample 
is transported to an ion source either as a molecular flow using a microprobe with 
an inlet orifice of 10-20 /xm, or as a molecular beam using a sonic probe with an 
inlet orifice of 20-200 /xm. The former setup has high spatial resolution and only 
slightly disturbs the flame, allowing the study of flames with a narrow combustion 
zone of up to 0.1 mm. However, in this case, radicals recombine and unstable 
species can decompose and react on the inner walls of the probe. The latter setup, 
with molecular beam mass spectrometric (MBMS) sampling, allows detection 
of radicals and other unstable species but disturbs the flame more strongly and, 
therefore, has a reduced spatial resolution. The first type of setup and procedure 
will be referred to as setup 1, the microprobe technique (MPT), and the second 
type of setup and the corresponding procedure as setup 2, the molecular beam 
technique (MBT). In the work reported in Ref. 14, the use of MPT to study SP 
flame structure was first demonstrated by studying the flame structure of a model 
formulation based on ammonium perchlorate (AP) and polymethylmetacrylate. It 
was further applied to the study of SP flame structures with narrow combustion 
zones, or AP and composite propellants based on it. Much later, a similar setup 
using MPT was developed by Fetherolf and Litzinger 6 and Lee et al. 15 Its special 
feature is the use of a triple quadruple mass spectrometer 15 and a CO 2 laser to 
study laser-supported combustion (LSC) of SP. The use of a triple quadruple mass 
spectrometer makes mass-spectra interpretation easier. The use of a CO 2 laser to 
heat the SP strand from its face plane widens SP combustion limits toward the lower 
pressure range. This in turn provides a wider zone of chemical reactions in the SP 
flame, thus diminishing the error in the flame concentration profile measured by 
the probe; it is generally believed that the flame zone width should be greater than 
the probe tip dimensions. Note that research has demonstrated that self-sustaining 
SP combustion mechanisms often differ from laser-supported ones. Therefore, the 
application of the results of flame structure studies for SP LSC to self-sustaining 
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SP combustion can result in erroneous conclusions. Later, an MBMS setup for 
SP flame structure studies was developed, 16 and with its help the structures of SP 
flames with burning zones about 1 mm wide were studied. 

The objective of this chapter is to describe briefly the MSPSPF method and to 
present the results of studying the flame structure of monopropellants capable of 
self-sustaining combustion, such as AP, RDX, HMX, and ADN, as well as some 
ballistic and composite SP obtained during the two past decades. 

II. Experimental 

Figure 1 shows the MBMS system 2-4 that has been used to examine the flame 
structures of RDX, HMX, ADN, and some composite SP. It includes an apparatus 
for probing a flame, containing a molecular beam sampling system; a time-of-flight 
mass spectrometer (TOFMS) type MSKh-4 as a detector; a combustion chamber; a 
scanning system; a data-acquisition system; and an experiment controller based on 
CAMAC equipment and a computer. The flame is sampled with a probe 3 (Fig. 1), 
a 25-mm-high cone with a 50-deg external angle, a 40-deg internal angle, and a 
50-100-/um-diam orifice at the apex (at 1 atm). The probe produces a molecular 
beam that passes to an ion source. The ignition spiral 12 is automatically removed 
from the combustion zone after ignition. To scan the SP flame, a control system and 
a stepper motor 13 are required. The burning strand 14 is moved by the motor 13. 
A thermocouple 15 serves to measure temperature profiles in the flame. The strand 
is moved at a speed of less than 20 mm/s and is driven by a stepper motor with 
a step of 2.5 /cm. The data acquisition and control system consists of an AT486 
computer and a CAMAC apparatus. To study the flame structure at high pressure 
by MBMS, a quartz probe with an inner angle of 40 deg and an orifice of 50 gm 
at 3 atm, 20 gm at 6 atm, and wall thickness near the probe tip of 25 /xm has 



Fig. 1 MBMS system for studying the flame structure of solid propellants with 
TOFMS: 1) combustion chamber, 2) scanning system, 3) probe, 4) ion source, 5) skim- 
mer chamber, 6) collimator, 10) slotted disk, 11) electromagnetic chopper, 12) ignition 
spiral, 13) stepper motor, 14) burning strand, and 15) thermocouple. 
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been used. For visualization of the combustion process a video camera (Panasonic 
NV-M3000EN) has been used. CAMAC equipment was used to measure a number 
of chosen mass peak intensities as a function of time. It is not always possible, how- 
ever, to predict which peaks will be found in a mass spectrum. To reveal predictable 
peaks in the mass spectrum, an oscilloscope (LeCroy9310AL with a memory of 
1 MB) was used. This allowed detection of singular mass spectra within short 
time intervals of 0.01 s (the frequency of triggering rate is 2 kHz, accumulations 
number 50) that was impossible using the available CAMAC equipment. At the 
triggering rate (frequency of singular mass-spectra record) of 400 Hz, a mode of 
information cyclic record in memory was used. It provided oscilloscope operation 
within 1 .5 s. To stop data acquisition into the oscilloscope memory at the time of 
probe contact with the burning surface, a special device was designed and manu- 
factured. An end switch of the stepper motor moving the sample to the probe was 
used as a sensor keeping a record of contact. Video recording of the ADN strand 
burning surface and probe was performed concurrently with mass-spectra record- 
ing. The synchronization of the two measurements was achieved by allowing the 
contacts of the stepper motor end switch to close at the moment of probe contact 
with the strand burning surface. The latter was accompanied by light diode lumi- 
nescence concurrently with the stoppage of the step frequency generator that starts 
the oscilloscope. The light diode luminescence was recorded by video camera. 
The scheme for synchronizing the video recording and mass-spectra measure- 
ments is shown in Fig. 2. The scheme allows experimental determination of the 
burning surface location on mass peak intensity profiles. Figure 3 shows a setup of 
the first type with microprobe sampling used for the investigation of double-base 
propellant flames at high pressure (10—20 atm) (see Ref. 4). 
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Fig. 2 Scheme for synchronizing video recording and mass spectra measurements. 





FLAME STRUCTURE OF SOLID PROPELLANTS 


339 
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FOR ANALYSIS 



Fig. 3 Microprobe sampling system for investigation of double-base propellant flames 
at high pressure. 


III. Substantiation of the Method of Probing Flames 
with Narrow Combustion Zones 

Quantitative aspects of the results of mass spectrometric (MS) sampling in- 
vestigations of SP flame structure are substantially defined by the accuracy of the 
sampling technique. Detailed studies 17-20 have been carried out to substantiate the 
probing method when the ratio of the flame zone width L b to the probe tip outside 
diameter d was close to one. This occurs in the case of a preheated ( T = 533 K) AP 
flame 21 where the burning zone is about 0.1 mm wide at 0.6 atm. The distortions 
can be subdivided into external and internal ones, the external ones being hydro- 
dynamic and thermal. The probe acts as a sink for matter and heat, which results 
in the distortion of nearby temperature and concentration lines. 22,23 The errors 
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have been determined 17,18,24 by measuring preturbations in the velocity field in 
one-dimensional gas flow using submicrometer particles and a pulsed laser. The 
flow starts deviating from a one-dimensional type at a certain distance depending 
on the sampling factor that is defined by the equation 

«o = u 0 

where Q is the sink flow rate, do is the probe orifice diameter, and r 0 is the flow 
velocity. The measured field of velocities was in agreement with that calculated 
from Rosen’s disk sink model. 22 This model can, therefore, be used to calculate 
parameters required to evaluate measurement errors. 

Probe-error estimates have been also carried out for a real flame. A preheated AP 
flame with L* ~ 0. 1 mm was used, but there were serious experimental difficulties 
in finding data on the AP chemical structure. Model experiments were, therefore, 
performed with a methane-air flat flame with an argon additive having a 0.5-mm 
burning zone width. A special quartz probe was used (subsequently referred to as a 
macroprobe) with an outside tip diameter equal to the flame zone width of 0.5 mm 
and with a probe orifice of d 0 = 0.012 mm. This probe and flame were similar 
in such dimensionless parameters as do(ao) 0 ' 5 / Lb, Lb/d « 1, and Rea ss 1 to 
those used in the case of the AP flame (Re<i is the Reynolds number of the flow 
determined from the probe outside diameter). The following methods were ap- 
plied to study the structure of the model flame: 1) microthermocouple technique 
(MT) using fl -shaped platinum-platinum/rhodium thermocouples (wire diameter 
of 0.02 mm) for measuring temperature profile, 2) probe mass spectrometry mea- 
suring methane concentration profile by macroprobe and quartz microprobe with 
do = 0.06 mm, d = 0.12 mm, and 3) SRS spectroscopy for measuring methane 
and nitrogen concentration profiles. Figure 4 shows the dependence of methane 
molar fraction a, normalized to the maximal values a rnax , on the distance L from 
the burner in methane flame. Points on curve 1 derive from a/a max = 1 — T / Tnax, 



Fig. 4 Mole fraction profiles of methane in methane-air flat flame measured by the 
different methods: x, SRS; •, macroprobe; A, microprobe; and o, thermocouple. 
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which was obtained on the assumption that temperature and methane concentration 
curves are similar. The comparison of the results of measuring methane concen- 
tration profiles in the model flame by probing methods (curve 2) and nonintrusive 
diagnostics (curve 1) shows that the error of the probe technique in finding con- 
centrations at the burning surface was less than 10%. When the tip of the probe 
diameter was reduced seven times, the change in concentration was about 15%. 
Curve 2 in Fig. 4 coincides within 15% with the undisturbed profiles (curve 1); if 
curve 2 (from the probe measurements) is shifted toward the burner by a value close 
to Z 0 , the calculated shift of the sampling point with respect to unperturbed flow. 
Calculations 23 based on simplified assumptions of the flame and flow preturbations 
(Rosen’s model 22 ) provided the values Zq 0.4 do(ao) 0 ' 5 and A 0.3 do(ao), 
where A is a sampling zone width representing spatial sampling resolution. MS 
study of preheated AP flame structure do was 0.012 mm and ao = 75. After apply- 
ing appropriate corrections for the sampling point on the concentration profiles (Zo 
shift), the error in finding concentrations by the probe method was less than 15% 
of its maximal value. This error and sampling zone width were within ± 1 5% of the 
AP flame zone width, and they were reasonably small for quantitative processing 
of AP flame structure data. 


IV. SP Flame Structure: Results and Discussion 

AP, RDX, and ADN are simple propellants belonging to the class of homoge- 
neous condensed systems (monopropellants) that have been examined in detail. 
They are of simple chemical structure, and so they provide good models for study- 
ing combustion mechanisms. They are also the main components of composite 
SP. The knowledge of their combustion mechanisms is essential to developing 
composite SP combustion models. 


A. Flame Structure of AP and Composite Propellants Based on It 

An AP flame preheated to 533 K was studied at 0.6 and 1 atm on the two afore- 
mentioned setups. The main experiments were carried out on setup 1 with MPT, 21 
and additional experiments were carried out on setup 2 with MBT. 16 Table 1 
represents the results of some peak intensity profile measurements obtained on 
setup 2 with MBT probing an AP flame preheated to 533 K at 1 atm (see Ref. 16). 
These experiments provided the first detection of mass peaks with the m/e 83 and 
100 characteristics of perchloric acid. Thus, these experiments provided the first 


Table 1 Species mass peaks intensities (in relative units) at different L 
in AP flame (a setup with molecular-beam sampling) 


m/e 



L, ^.m 




0 

50 

100 

150 

200 

250 

83 

230 

140 

65 

10 

0 


67 

290 

280 

190 

90 

20 


52 

310 

270 

230 

160 

80 


51 

200 

180 

130 

90 

30 





342 


0. P. K0R0BEINICHEV 


a, 
0.4 -I 




h 2 o 



icr-oti 

c 4 

0 

1 ° 

3 4 



HCI0 4 


0.1 
1y cio 2 


Distance from burning surface (mm) 


Distance from burning surface (mm) 


Fig. 5 AP flame structure (points are for experiment and lines are for calculation). 


experimental support of the hypothesis that perchloric acid is the main AP gasifi- 
cation product in the combustion wave that plays a key role in the AP combustion 
mechanisms. This result laid the foundation of modem models of the combustion 
of AP. The ratio between the intensity of the perchloric acid peaks with m/e 83 
and those of chlorine dioxide with m/e 67 (the latter being obtained with regard to 
the fact that the peaks with m/e 83 from perchloric acid contributes to the peaks 
with m/e 67) is shown in Table 1. 

This ratio (the intensity of the perchloric acid peaks with m/e 83 is equal to those 
of chlorine dioxide with m/e 67) was used when correlating the data obtained on 
setup 1 , under which conditions chloride dioxide resulting from heterogeneous 
catalytic decomposition of perchloric acid on the probe walls into C10 2 + and H0 2 
contributes to a peaks with m/e = 67. 

By the use of the results of measuring calibration coefficients by individual 
species and mass peak intensities of the species obtained in the experiments on 
setup 1, and studying AP flame structure at 0.6 atm (533 K), species concentra- 
tions were found. Profiles of species concentrations and temperature vs the distance 
from the burner surface L are presented in Fig. 5. Concentration profiles in an AP 
flame show the following two-zone structure: in a narrow (~ 0 . 1 -mm- wide) zone, 
NH 3 , HCIO 4 , and C10 2 concentrations fall and N0 2 concentrations rise, and in 
the next wide (~1.5-mm-wide) zone N0 2 concentrations fall whereas NO and 0 2 
concentrations rise. 

Figure 5 also represents modeling results for the same flame structure (lines ) 25 - 26 
performed using a mechanism incorporating 80 reactions. Satisfactory agreement 
between the calculation and experimental results provides evidence for the sug- 
gested mechanism. Subsequent work provides a revised mechanism . 27 The ob- 
tained results were used when developing an AP combustion model . 28-31 

The flame structure of composite propellants based on AP and HTPB was stud- 
ied at subatmospheric pressures on setup 1 with MPT and modeling . 32-34 In the 
flame zone, 16 stable species (HC1, H 2 0, CO, NH 3 , C0 2 , HCIO, NO, 0 2 , H 2 , 
N0 2 , N 2 , C 4 H 6 , C 2 H 2 , C10 2 , Cl 2 , and HCN) were detected. No HCIO 4 was found, 
but HCIO 4 concentration was determined as it was for the AP flame. The reac- 
tions of oxidation of ammonia and HTPB destruction products with perchloric 
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Fig. 6 Temperature and species mole fraction profiles in RDX flame at 0.5 atm (points 
are for experiment and solid line for modeling). 


acid decomposition products (C10 2 , ClOH, CIO, etc.) are the main reactions in 
the flame of composite propellants based on AP and HTPB. The data analysis of 
the flame structure of a composite propellant based on AP/HTPB (especially rich 
formulations) at low pressure indicates that the oxidation of hydrocarbon binder 
destruction products occurs in the flame much faster than does ammonia oxida- 
tion. The obtained data were used when developing a combustion model of AP 
composite propellants. 35 


B. RDX and HMX Flame Structure 

The results of studying the flame structure in the high-temperature zone of an 
RDX flame at 0.5 atm (see Ref. 36) using the MBMS technique are shown in Fig. 6. 
The burning surface was identified, with allowance for the sampling shift Zo cal- 
culated from the afore-mentioned formula (ao = 70, do = 0. 1 mm). These results 
show that the key species in the RDX high- temperature flame zone are NO and 
HCN. The main reaction in the high-temperature zone of the RDX flame is the re- 
action HCN + NO and not CH 2 0 + N0 2 as was previously postulated. 37 Figure 6 
also shows calculated profiles of mole fraction from the results of Ermolin et al. 36 
The calculations are in satisfactory agreement with the experimental data. Melius’s 
mechanism 38 provided better agreement with the experimental results as com- 
pared with that of Ermolin et al. 36 The obtained data have also been used by 
other researchers 39-41 when developing and validating detailed RDX combustion 
mechanisms and models. The analysis of experimental data 17 and Melius’s model 38 
predict the existence of a narrow cool flame zone (less than 0. 1 mm at 0.5 atm), 
where RDX vapor decomposition takes place. 

Research on low-temperature flame zones in RDX and HMX flames has been 
carried out by different authors, 12,42 ' 43 mainly using thin thermocouples. Some 
investigators reported a plateau on the temperature profile near the burning sur- 
face of a temperature of ~1000 K. This plateau would provide support for the 
hypothesis of a narrow zone in cool flame where RDX or HMX vapor decompo- 
sition takes place. Other researchers 43 however, did not find evidence to support 
this hypothesis. The study of a narrow zone (~0.1 mm wide) in an RDX flame 
using MPT with a probe having an orifice of about 0.01 mm could lead to er- 
roneous conclusions. This is because in this case the RDX vapors would hardly 
be detectable through their possible heterogeneous catalytic decomposition at the 
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Fig. 7 Profiles of mass peak intensities for HMX flame at 1 atm. 

microprobe walls (similarly to HCIO4 decomposition at microprobe walls in an 
AP flame). Because of the difficulties in an MBMS study of flame zones less 
than 0. 1 mm wide, there is, to date, no direct experimental evidence of the ex- 
istence of RDX vapor decomposition in an RDX flame. This problem is to be 
solved in the future. The differences in RDX flame structure in self-sustained 36 
and laser-supported 44 45 combustion supports the suggestion that the chemical 
combustion mechanisms are different in these two processes. There is much that 
is common to HMX and RDX flame structures, but there are differences as well. 
Figure 7 represents mass peak intensities in an HMX flame at 1 atm (see Ref. 4). 
As is apparent from Fig. 7, two clearly defined subzones are seen in the high- 
temperature zone of the HMX flame. CH 2 O and N 2 O decomposition takes place 
in the first one; HCN oxidation with nitrogen oxide, as in the RDX flame, takes 
place in the second one. Note that NO 2 and CH 2 0 were also found in the RDX 
flame at 0.5 and 1 atm. However, mass peaks at intensities of 46 (N 2 0) and 29 
(CH 2 0) were detected in those cases to a much smaller extent. The results ob- 
tained for HMX flame structure were used when developing an HMX combustion 
model. 46 

C. ADN Flame Structure 

ADN is a new energetic material that can be used as an oxidizer in solid rocket 
propellants. 47 It presents an alternative to AP, being an ecologically pure oxidizer 
in SP. ADN is a simpler monopropellant than AP and RDX, as defined both by the 
number of elements as well as by the possible intermediate and final combustion 
products. In the last few years several works devoted to the study of the ADN 
combustion mechanisms have been published. 6 ' 48,49 ADN flame structure was 
studied at 1-6 atm using an MBMS and MT. 49 The flame structure was found to 
involve three zones. At 1-3 atm, a luminous flame zone was not observed. The 
burning rate at 1-6 atm is controlled by reactions in the condensed phase. At 
3 atm a cool flame zone adjacent to the burning surface was found (Fig. 8). The 
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Fig. 8 Temperature and species mole fraction profiles in ADN flame at 3 atm, exper- 
imental results. 


width of this zone is about 1-1.5 mm. The following mass peaks were found in 
the mass spectra of samples taken from the area adjacent to the burning surface 
at 3 atm (ions responsible for these peaks are cited in parentheses): 63 (HN0 3 + ), 
62 (NH 2 N0 2 + , N0 3 +), 47 (HN0 2 +), 46 (N0 2 +), 45 (HN 2 0+), 44 (N 2 0+), 30 
(NO+), 29 (N 2 H+), 28 (N 2 +), 18 (H 2 0+), and 17 (NH 3 + , OH+). Because the 
HONO mass spectra is not known, we could not take into account these species’ 
contribution to mass peak 46. A sum of the N0 2 and HONO concentration profiles 
is, therefore, presented in Fig. 8. The ratio between mass peak intensities in the 
mass spectra of samples taken from the zone close to the ADN burning surface at 
3 atm and those of ADN decomposition products 49 are in reasonable agreement. 
The results of an MS study of the kinetics and mechanism of ADN evaporation and 
decomposition in a flow reactor at a low pressure of 1-10 torr has shown that the 
mechanism of ADN evaporation differs from the mechanism of the evaporation of 
other ammonium salts. In the case of ADN, evaporation takes place followed by 
the dissociation of ADN into ammonia and dinitraminic acid (DA): 

ADN„ + M = NH 3 + DA + M 

In the case of AP and ammonium nitrate, dissociative sublimation takes place, 
yielding ammonia and the corresponding acid. Data analysis provided the ADN 
molecule mass spectrum, ADN vapor pressure as a function of temperature, and a 
rate constant for ADN vapor dissociation. The analysis of the mass spectra of the 
samples taken from the zone near the ADN burning surface at 3 atm has shown that 
gaseous ADN and DA are the key reactants in the near-surface zone. The product 
composition near the ADN burning surface has been determined. Gaseous ADN 
and DA decomposition in the near-surface zone results in a temperature rise of 
about 150 K. A kinetic model for DA thermal decomposition at low pressure was 
developed by Park et al. 50 The second high-temperature zone is found 6-8 mm 
from the ADN burning surface at 6 atm (Figs. 9 and 10). The main reaction in 
this zone is ammonia oxidation by nitric acid. The temperature rise in this zone is 
500 K. The combustion temperature in this zone is 1400 K, and the combustion 
products are H 2 0, NO, N 2 0, and N 2 . The third zone was observed at 40 atm. 
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Fig. 9 Species mole fraction profiles in ADN flame at 6 atm, experimental results. 
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Fig. 10 Temperature profile in ADN flame at 6 atm, 1 represents experiment and 2 
represents modeling. 


c 

o 

1*3 

O 

•fc 

0 ) 

o 


0.45 
0.40 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
0.00 

4 6 8 10 12 14 

Distance from burning surface (mm) 



Fig. 11 Species mole fraction profiles in ADN flame at 6 atm, modeling results. 
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Table 2 Product composition in ADN flame at 3 atm, L = 0.2 mm 


i 

NH, 

NO 

n 2 o 

n 2 

hno 3 

H 2 0 

ADN„ 

Oii 

0.08 

0.19 

0.24 

0.08 

0.08 

0.3 

0.03 


The measured final temperature of 2000 K is close to the thermodynamically 
calculated one (2100 K). ADN combustion product compositions at 3 and 6 atm 
at different distances L from the burning surface are shown in Tables 2 and 3. 

The temperature measured at the distance L = 4.4 mm at 6 atm with a thin Pt- 
PtRh thermocouple is 920 K. Product mass flow is 3.4 g/cm 2 s at 6 atm. With the 
preceding data representing boundary conditions and making use of the CHEMKIN 
code, 51 the second zone of the ADN flame at 6 atm was modeled based on the 
developed 52 mechanism (98 reactions and 22 species). Part of these reactions and 
their rate constants have been suggested by Park et al. 50 The results of temperature 
and species concentration profile calculations 52 are shown in Figs. 10 and 11. 
Correlation between the experimental and calculation results suggests that they are 
in satisfactory agreement, which would be expected for such a complex system. 
The calculation has also shown the existence of the third zone at higher pressures, 
where nitrous oxide decomposes to nitrogen and oxygen with a temperature rise 
to a value (~2000 K) close to the thermodynamic equilibrium temperature. The 
obtained data are applicable for developing an ADN combustion model. 


D. Flame Structure of Propellants Based on ADN and HTPB 

The flame structure of propellants based on HTPB (3%) and ADN (97%) at 
pressures of 0.5-1 and 6 atm was studied by MBMS. 53 For propellant HTPB/ ADN 
(3/97) at 6 atm, video recording near the burning surface revealed a dark zone of 
~0.3 mm that was in agreement with the data obtained when studying the flame 
structure of ADN-based sandwiches. 1 1 The dark zone width increases up to 1 .5 mm 
as pressure is reduced to 1 atm. 

The combustion of HTPB/ ADN (3/97) propellant is jetlike in nature. Video 
recording demonstrated the presence of several brightly luminous jets approx- 
imately 0.5-1 mm in diameter at the burning surface, disappearing at one site 
and appearing at another with a lifetime of 0.2 s. The spatial heterogeneity and 
nonstationary nature of the propellant combustion process is in agreement with 
MS and temperature measurements. Thermocouple investigations have shown 
temperature fluctuations (Fig. 12) of about ±400°C at 1 atm in the flame zone 
within 1.5-4 mm from the burning surface. Along with the temperature fluctu- 
ations, variations in the intensities of mass peaks 17 (NH 3 + ), 28 (CO + , N 2 + ), 
30 (NO + ), 46 (HNC> 3 + , N0 2 +), and 44 (C02 + , N 2 Q + ) take place. The values for 


Table 3 Product composition in ADN flame at 6 atm, L = 4.4 mm 


i 

NH 3 

NO 

n 2 o 

n 2 

HNO, 

H 2 0 

&i 

0.07 

0.23 

0.28 

0.1 

0.02 

0.3 
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Distance from burning surface (mm) 

Fig. 12 Temperature profiles in HTPB/ADN flame at 1 atm (two different experi- 
ments). 


mass peak relative intensities of combustion products near the burning surface of 
ADN/HTPB 97/3 propellant and pure ADN at 1 atm are close and are presented 
in Table 4. 

One can suggest that pure ADN combustion products are mainly found in 
the dark zone of propellant combustion and that luminous jets are formed in the 
G-phase when they are mixed with HTPB decomposition products. One of the 
explanations of the presence of luminous jets with a mean size of ~0.5-l mm 
at the burning surface, exceeding the size of fuel powder particles (~0.04 mm), 
may be the agglomeration of small ADN particles into large ones at the burning 
surface. A similar phenomenon has been found when observing ADN particles 
behavior in noncured HTPB . On heating, melted ADN particles moved together, 
and on cooling it crystallized into large particles of ~1 mm. Similar processes can 
take place in propellant combustion as well. The combustion product composition 
of composite propellant ADN/HTPB 97/3 at 1 atm approaches the product com- 
position of pure ADN combustion at 6 atm, in the content of nitrogen-containing 
components (Table 5). 

Thus, the ADN-HTPB interaction in a flame provides an increase in the final 
temperature and ADN combustion completeness. The main carbon-containing 


Table 4 Normalized (/j/E/y) mass peak intensities in ADN/HTPB (97%:3%) 
composite propellant flame at 1 atm (dark zone near the burning surface) 


AMU 


Composition 

p, atm 

17 

18 

30 

44 

46 

28 

ADN/HTPB 

1 

■Bl 

0.10 




0.11 

ADN 

1 


0.07 

0.26 



0.06 
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Table 5 Comparison of the flame temperature and the final combustion 
product composition of pure ADN and ADN/HTPB composite propellant 


Composition 

p, atm 

T, K 

nh 3 

h 2 o 

n 2 

NO 

N 2 0 

co 2 

ADN/HTPB 

(97/3) 

1 

2370 

0.01 

0.35 

0.13 

0.26 

0.18 

0.06 

ADN 

6 

1420 

0 

0.45 

0.11 

0.25 

0.20 



propellant combustion product at 1 atm is CO 2 . CO was not found in the combustion 
products. 


E. Double-Based Propellant Flame Structure at High Pressure 

Probing mass spectrometry and modeling were used to study a double-base pro- 
pellant flame structure (propellant /V) at 15 atm (see Ref. 4) using the setup shown 
in Fig. 3. The composition of propellant N is the following: nitrocellulose, 57%; 
nitroglycerin, 28%; dinitrotoluene, 11%; and stabilizer, plasticizer, 4%. Sampling 
was performed using a ceramic probe (orifice 300 /cm in diameter). The struc- 
ture of the dark and flame zones was studied at distances more than 2 mm from 
the burning surface (Fig. 13). In the first zone, situated 2-6 mm from the burn- 
ing surface, the concentrations of compounds CO 2 , N 2 + CO, HCN, NO, and H 2 
were almost constant. In the second, from 6 to 12 mm, the concentrations of CO 2 , 
N 2 + CO, and H 2 varied less drastically. The equations of material balance were 
used to calculate the concentrations of CO, C0 2 , N 2 , NO, and H 2 0 in the first 
and at the end of the second zones. In this case, it was taken into account that 
the carbon content (up to 5% of the total quantity of carbon) was in the form of 
soot. The temperature profile was measured with a W/Re thermocouple (50 pm). 
The composition of products and the temperature in the first zone were used as 
the boundary conditions to compute the structure of the second flame zone by 


a , % I zone II zone 



Fig. 13 Profiles of temperature and species concentrations for propellant N, P = 15 
atm, points are for experiment and solid lines are for calculation. 
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Table 6 Propellant N2 combustion product composition at 20 atm 


a i 

«co 

0tCO 2 


« h 2 

®H 2 0 

Experiment 

0.348 

0.164 

0.135 

0.0745 

0.279 

Calculation 

0.35 

0.161 

0.135 

0.073 

0.28 


a multistage mechanism (81 reactions, 22 components). Satisfactory agreement 
between the experimental and calculated data of temperature profiles and species 
concentrations was achieved. Similar calculations modeling the structure of the 
dark zone of double-base propellant combustion are presented in Ref. 54. Sim- 
ilar studies have been performed at P = 20 atm for the double-base propellant 
N2 (see Ref. 4) that has a higher energy than N propellant and the following 
composition: nitrocellulose, 58%; nitroglycerin, 40%; and centralite, 2%. Satis- 
factory agreement is observed between the experimentally determined composition 
of the combustion products of propellant N2 (the final combustion temperature was 
2700 K) and the calculated equilibrium composition at 2700 K (Table 6). The data 
obtained allow this method to be recommended for the study of propellant flame 
structure at high pressures and the composition of propellant combustion products 
at high pressure under conditions close to those of SP rocket motors. 

V. Conclusions 

The probing mass spectrometry procedure has been shown to be an indispens- 
able method providing important information on solid rocket propellant chemical 
combustion mechanisms, by using the study of the flame structure of AP, RDX, 
HMX, and ADN, propellants based on these, as well as double-based propel- 
lants. Although it is limited to some extent by pressure, flame zone width, and 
other considerations, the results obtained with its aid have successfully been used 
to understand the chemical reaction mechanisms of SP combustion and develop 
combustion models. The further application of this method, as well as other spectro- 
scopic and thermocouple methods, will allow a refined and widened understanding 
of the SP combustion mechanism. 
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Chapter 2.4 


Experimental Studies of Nitramine/Azide 
Propellant Combustion 


Thomas A. Litzinger,* * YoungJoo Lee,^ and Ching-Jen Tang * 
Pennsylvania State University, University Park, Pennsylvania 


I. Introduction 

F OR increased specific impulse at reduced flame temperatures, nitramine 
compounds such as 1,3,5-trimethylene trinitramine (RDX) and 1, 3,5,7- 
tetramethylene tetranitramine (HMX) have been widely used as energetic materi- 
als for the propellant in applications such as guns and rocket motors. In the search 
for improved performance for nitramine propellants, a great deal of interest has 
recently centered on azido compounds such as bis-azido methyl oxetane (BAMO) 
and glycidyl azide polymer (GAP). The structures of RDX and HMX as well as the 
azide polymers are presented in Fig. 1. These polymers draw considerable interest 
because they are energetic materials and can serve as binders or plasticizers in 
nitramine-based propellants, where a relatively low flame temperature and a high 
mass impetus are desirable. As propellants, they provide a high specific impulse 
while generating minimum smoke. 

II. Previous Studies 

In fundamental studies of nitramine/BAMO propellants, two configurations of 
the oxidizer/binder matrix have been used, heterogeneous mixtures and sandwich 
configurations. Although the heterogeneous mixture is the form of the propel- 
lant used in actual applications, the study of their behavior and decomposition 
is generally too complex for fundamental studies due to the thin reaction re- 
gions and the heterogeneous nature of the propellant. A strategy to alleviate 
these experimental difficulties is to study the combustion of geometrically sim- 
ple systems such as an oxidizer/binder sandwich; many such studies have been 
performed to understand the diffusion flame of ammonium perchlorate- (AP-) 
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Fig. 1 Chemical structures of RDX, HMX, BAMO, and GAP. 


based formulations. 1 Limited research has been conducted on the combustion and 
decomposition characteristics of nitramine/binder sandwich systems, and they 
include HMX/carboxyl-terminated polybutadiene, 2 HMX/hydroxyl-terminated 
polybutadiene, 3 and HMX/BAMO. 3 However, the previous studies showed that 
nitramines had no diffusion flame with nonenergetic binders, while they had very 
weak diffusion flames with energetic binders at very low pressures. From the pre- 
vious measurements, no explicit evidence of the flame interaction over the two 
laminas of nitramine and BAMO was found because the major species measured 
over each ingredient were almost identical to those of the pure material. There- 
fore, the study of sandwich configurations between nitramines and BAMO did not 
provide much information on their chemical interaction or on the effects of each 
ingredient on the other. 

Thermal decomposition of HMX/BAMO propellants was studied by Oyumi 
et al. 4 using isothermal thermogravimetric analysis and differential scanning calori- 
metric analysis. The binder used in the study was a mixture of BAMO and tetrahy- 
drofuran (THF) in a mole ratio of 3 : 2, where TF1F was used as a cross-linking agent 
to make the copolymer a three-dimensional network structure. The decomposition 
of the HMX/BAMO propellant in the study showed overall two-step first-order 
kinetics; the first-step reaction was considered to be the decomposition of BAMO 
binder itself because the rate of the first-order reaction was similar to that of the 
BAMO binder. HMX decomposition was predominant in the second-step reaction 
and was activated by the binder decomposition. The burning rate of the propellant 
was larger than that of the pure BAMO binder or HMX. However, the propellant 
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could not maintain combustion at pressures below approximately 3 MPa, where 
its burning rate was equal to that of the BAMO binder. 

The same research group investigated the burning rate augmentation of BAMO- 
based propellants with HMX and HMX/ammonium nitrate mixtures, in which 
the BAMO used was an azide copolymer of BAMO/azidomethyl methyl oxe- 
tane (7 : 3, molar ratio). 5 Based on theoretical calculations, it was reported that 
the BAMO/HMX propellants showed a relatively low flame temperature (1210— 
1320 K) and smokeless properties. The burning rate of the propellant was aug- 
mented by the addition of lead stearate and AP, which resulted in a decrease of 
the burning rate exponent. Results for the BAMO-based propellants showed an 
endotherm of phase transition and an exotherm between 500 and 540 K that ex- 
actly coincided with rapid weight loss. From these results, it was concluded that 
the heat generated by the azide binder decomposition initiated and accelerated the 
HMX decomposition. 

Extensive studies have been performed on individual ingredients of the 
nitramine/GAP propellants; however, despite the increased interest, only a lim- 
ited number of results are available on the physical and chemical processes of 
such propellants. Among the available studies, relatively more complete research 
results were found in studies of HMX/GAP. 6-8 Experimental studies of the tem- 
perature profile of HMX/GAP suggested that HMX/GAP flames had a two-stage 
thermal wave structure. 6 Some preliminary studies have been reported on physical 
and chemical behavior of RDX/GAP formulations. 7 8 An evaluation study for the 
composition of RDX/GAP combustion modified double-base propellants revealed 
that increasing the amount of GAP increased specific impulse and decreased the 
pressure exponent marginally. 8 However, in another study of RDX/GAP with var- 
ious mixing ratios, a reverse trend was observed. 7 In that study, final reaction 
products were measured in both glass vessel and calorimeter bomb experiments; 
they were found to be N 2 , CO, H 2 0, H 2 , and C0 2 . 

III. Research Objectives 

The research to date with nitramine/azide polymer propellants has not produced 
a complete understanding of the chemical and physical processes that occur dur- 
ing their combustion. Nor have the interactions of the binder chemistry and the 
nitramine chemistry been fully explored. To take full advantage of these mate- 
rials, a more basic understanding of the chemical and physical structure of their 
reaction zones is needed. Furthermore, if the behavior of these materials is to 
be modeled with comprehensive numerical models, then experimental data, be- 
yond the burning rate, is needed for validation of such models. The experimental 
results presented in this chapter include detailed species and temperature mea- 
surements in the gas-phase reaction zones above a series of nitramine/azide pro- 
pellants. They were obtained to identify, and hopefully to understand, unique 
characteristics of these propellants and the interactions of the nitramines and 
the azide polymers. In addition, the experiments were carried out with the objective 
of identifying key similarities and differences in the behavior of these materials 
that would provide critical tests for numerical models of their burning behavior. 


IV. Experimental Approach 

All experimental data presented were acquired at a pressure of 0. 1 MPa during 
laser-assisted combustion using a C0 2 laser. At this pressure, continuous energy 
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Fig. 2 Overall experimental setup with diagnostic systems. 


delivery from the laser was required to sustain combustion. The specific propellants 
tested were RDX/BAMO, RDX/GAP, and HMX/GAP. Each material was tested 
at a low heat flux of 100 W/cm 2 and a high heat flux of 300 or 400 W/cm 2 . The 
difference in high heat flux used was due to variation in the maximum available 
laser power over the course of the experiments. A schematic diagram of the overall 
experimental setup is presented in Fig. 2. The remainder of this section summarizes 
the experimental procedures used; for a more detailed discussion see Refs. 9 and 1 0. 

Mixtures of a nitramine compound and an azide polymer were used to fabricate 
pseudopropellants. The prefix pseudo is used to emphasize that the propellant used 
is simply a physical mixture of the two ingredients and that the binder was not 
cured. The propellants all were made with the nitramine and azide polymer in a 
weight ratio of 8 : 2; selection of the weight ratio between the two ingredients was 
made based on the amounts of binders contained in commonly used composite gun 
propellants. Table 1 presents the elemental composition of the propellants used. 

Table 1 Elemental composition and equivalence ratio 


Species 

C 

H 

O 

N 

Equivalence ratio 

RDX/GAP 

0.169 


0.237 

0.277 

2.1 

HMX/GAP 

0.169 



0.277 

2.1 

RDX/BAMO 

0.168 

EH 

B 

0.289 

2.15 
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Because of the different elemental composition of GAP and BAMO, using the 
same weight ratio results in different stoichiometry of the pseudopropellants. The 
RDX/BAMO pseudopropellants are slightly more fuel rich than the nitramine/GAP 
propellants. 

The BAMO used was in the form of a dry powder. It was mixed with military- 
grade RDX, containing a maximum of 5.5% HMX, and then the mixture was 
pressed into a cylindrical pellet with a 0.64-cm-diam using a pellet presser. The 
consolidation pressure was approximately 60 MPa. For the nitramine/GAP pro- 
pellants, GAP dissolved in methyl ethyl ketone (MEK) was obtained from 3M. To 
remove the solvent and H 2 O from the GAP, the GAP and MEK mixture was dried in 
a vacuum oven at a temperature of 80°C for more than 24 h. The resulting pure GAP 
sample was a viscous dark-yellow liquid, with a density of 1 .3 g/cm 3 . The GAP was 
mixed with the nitramine, and the resulting mixture was a highly viscous gel-type 
liquid. The HMX used contained a maximum of 0.2% RDX and had a nomimal 
size of 75 fi m. The nitramine/GAP mixture was either hard or soft depending on 
the amount of mixing that was done. The hard mixtures were formed into a cylin- 
drical shape with a diameter and height of 0.64 cm. However, for the soft material, 
it was normally impossible to sustain this shape during experiments, and so for 
both types of material, the propellant was placed in a glass container for testing. 

Just prior to a test, the propellant sample was glued to a small sample holder, 
angled at 45 deg to the incident laser beam so that the sampling microprobe could 
approach the sample perpendicular to its surface and along its centerline. During 
the test, the sample was pushed toward the sampling probe by a linear actuator 
to obtain species profiles vs height from the sample surface. Gas samples were 
extracted through a quartz microprobe and analyzed using a triple quadrupole mass 
spectrometer (TQMS). 9 ’ 10 Using the parent and daughter modes of the TQMS and 
careful calibration, it was possible to differentiate and quantify all species at the 
same mass-to-charge (m/z) value. Sensitivity coefficients of most stable species 
were calibrated directly with gas mixtures of known concentration; those of the 
species for which standards were not readily available were estimated by the 
ionization cross section method. 11 For all of the calibrations and actual tests, an 
ionization energy of 22 e V was used to minimize fragmentation of molecules while 
maintaining acceptable intensities. 

Temperatures at the surface and in the gas phase were measured using 
25-/xm-diam platinum/rhodium (Pt/Rh) and tungsten/rhenium (W/Re) thermo- 
couples, according to the methods suggested by Zenin (Ref. 12 and personal com- 
munication). For some materials, surface temperatures were measured separately 
from gas-phase temperatures to obtain more consistent surface temperatures. The 
junction of a thermocouple was placed at the center of the sample surface, and two 
small weights were used to create adequate tension to hold the thermocouple 
on the surface as the sample burned. In the setup, the weight chosen was in 
the range of 0.8-2.0 g, and the angle <fi that the wire made with the lateral edge of 
the propellant was 10-30 deg. The measurement of a complete temperature profile 
was performed using the configuration of a side-by-side-divided sample. In this 
method, the sample was prepared in two pieces shaped like a cylinder split along 
its centerline, and the thermocouple was embedded in one-half of the sample. A 
small amount of glue was then applied at the ends of the two thermocouple wires 
near the sample edges, and the other half of the sample was attached to it without 
moving the thermocouple. For measuring complete gas-phase temperature pro- 
files, W/Re thermocouples were usually used to reduce the chances of melting 
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the thermocouple during a test. The thermocouple signals were amplified by a 
wide-band preamplifier and recorded on a Nicolet NIC-310 digital oscilloscope. 

Direct images were acquired using a Pulnix video camera with a macrolens for 
photography of the flame and the sample surface during combustion and for the 
identification of sampling heights. Magnification of 30-40 times was normally 
employed to record the images and obtain the sampling height with a spatial 
resolution of ~20 gm. In addition, a photodiode was used to record light emissions. 
Its output was recorded simultaneously with the temperature signal to synchronize 
the video images of the flame to the temperature measurement. 


V. Results and Discussion 

In this section, the flame and surface behavior, burning rate, species profiles, and 
temperature profiles will be discussed for each pseudopropellant. Following the 
presentation and discussion of the data, the characteristics of the pseudopropellants 
will be compared to the characteristics of the corresponding neat nitramine as well 
as to each other. Also, the effects of increasing the incident heat flux on the three 
pseudopropellants will be discussed and contrasted. The goal of the discussion is 
to identify differences among the three pseudopropellants that might lead to an 
improved understanding of the binder-nitramine interactions and of trends that 
may be critical tests for developing detailed models of these materials. 


A. RDX/BAMO 

Figure 3 shows individual frames taken from the video record to illustrate the 
burning behavior at 100 and 400 W/cm 2 . The burning RDX/BAMO showed an 
uneven surface and intermittent glowing particles on the surface during combus- 
tion, with a greater number of these particles at the higher heat flux. The glowing 
particles sometimes left the surface and formed streaks through the gas phase; 
however, no gas-phase flames were observed during steady-state burning at either 
heat flux. Transient luminous flames of a distributed nature were sometimes ob- 
served for a short time following propellant ignition. The cause of these flames is 
unclear, but they may be due to buildup of reactive species in the gas phase during 
the ignition delay period. Similar flames were also observed near the end of the 
bum at the higher heat flux. The burning rates measured from the videos were 
~0.35 and ~ 1.4 mm/s at 100 and 400 W/cm 2 , respectively. 

Mole fractions of the species evolved in the gas phase of RDX/BAMO pseu- 
dopropellants are shown in Fig. 4 at 100 W/cm 2 . Multiple species included at 
mass/charge ratios of 28, 29, 30, and 44 were differentiated and quantified using 
the TQMS. Most of the major species were identical to those in pure RDX: H 2 O, 
NO, HCN, H 2 CO, N 2 , NO 2 , N 2 O, and CO. The most obvious effects of BAMO are 
the increased amount of N 2 and H 2 CO as well as the presence of NH 3 . H 2 , a noto- 
riously difficult species to measure, is not shown here due to its highly fluctuating 
behavior throughout the gas phase. Its mole fraction was estimated to be 1-2% 
at the surface. The NO 2 profile is indicative of the length of the primary reaction 
zone, which in this case was approximately 1 mm. The other general characteristic 
of interest is the height above the surface where the secondary reactions begin. 
The location of the beginning of the secondary reactions is taken as the height 
where N 2 and CO begin to increase rapidly. For RDX/BAMO, the beginning of 
secondary reactions was not observed within the measurement region of 4 mm. 
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400 W/cnr 


Fig. 3 Typical burning behavior of RDX/BAMO pseudopropellants. 


Mole fractions of the species evolved from RDX/BAMO propellants at 
400 W/cm 2 are shown in Fig. 5. The major species are the same as those observed 
at 100 W/cm 2 ; however, some of their mole fractions changed. Among the major 
species, the mole fraction of HCN increased at the surface, whereas that of N 2 0 
decreased. At this heat flux, the primary reaction zone, as indicated by N0 2 , con- 
tinues to approximately 2 mm, and the rise in N 2 and CO resulting from secondary 
reactions begin near 3 mm. Relative to RDX at the same test conditions, only the 
mole fraction of N 2 is substantially different, at nearly three times the mole fraction 
for RDX. 

The element balances based on the measured species are shown in Figs. 4 and 5. 
Also shown in Figs. 4 and 5 by dashed lines are the expected element fractions based 
on the composition of the propellants. In each case the carbon is consistently below 
the expected value, suggesting that some species composed primarily of carbon 
may have been missed. Such species could be large unsaturated hydrocarbons or 
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Fig. 4 Species and element fraction profiles for deflagration of RDX/BAMO pseudo propellants at heat flux of 100 W/cm 2 in ar- 
gon at 1 atm. 
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Fig. 6 Temperature profile of RDX/BAMO. 


even carbon particles. The other three elements do not show any consistent trends 
and are close to the expected values. 

The temperature profiles at both conditions are shown in Fig. 6 and have essen- 
tially the same trends. In both cases the temperature increased from its value at the 
surface, through a near-surface reaction region, to a nearly isothermal region. This 
region was called isothermal region in this study because, despite its fluctuating 
nature, temperature was essentially constant. This region also may be called a dark 
zone, from the traditional definition for propellant combustion. The temperatures 
in this region were approximately 1 100 and 1500 K at 100 and 400 W/cm 2 , re- 
spectively. Such a significant temperature difference with increasing heat flux had 
not been observed in any other studies in this laboratory, and so an investigation 
was performed to determine if it was real or an artifact. The investigation led to the 
conclusion that the difference was real. The surface temperatures of RDX/BAMO 
were measured as 640 ± 20 K at 100 W/cm 2 and 670 ± 20 K at 400 W/cm 2 . 


B. RDX/GAP 

The combustion behavior of RDX/GAP is illustrated in Fig. 7. At 100 W/cm 2 , 
the propellant underwent an ignition delay period of 150-750 ms during which 
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Fig. 7 Typical burning behavior of RDX/GAP pseudopropellants for 100 W/cm 2 at 
1 atm. 

carbon particles began to form on the surface (Fig. 7a). After the ignition delay, 
a visible flame evolved (Fig. 7b), most of which consisted of white flames in the 
center with yellow flames around the periphery of the sample. Finally, the color 
of the flame changed to a mixture of yellow and red and remained that way for the 
rest of the bum. The presence of carbonaceous filaments attached to the surface 
was clear throughout the test, and numerous white flame streaks from burning 
particles were observed. The streaks are believed to be carbon particles and are 
most actively produced in the period when the color of the flame was a mixture 
of yellow and red. At the higher heat flux, no glowing particles were observed 
prior to ignition; however, the carbonaceous filaments did develop during burning, 
although they were not as numerous as they were at the lower heat flux. Tests 
at the higher heat flux yielded a somewhat shorter ignition delay in the range of 
50-500 ms. The surface regression rate observed were ~0.8 mm/s at 100 W/cm 2 
and ~1.9 mm/s at 300 W/cm 2 . 

Mole fractions of the major species evolved in the gas phase of RDX/GAP 
pseudopropellants at 100 W/cm 2 are shown in Fig. 8. As in BAMO/RDX, most of 
the major species were the same as those from pure RDX. H 2 was not measured 
in this test due to difficulty in the tuning of the mass spectrometer; however, it 
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Height above the surface (mm) 


Fig. 8 Species and element fraction profiles for deflagration of RDX/GAP pseudopropellants at heat flux of 100 W/cm 2 in 
argon at 1 atm. 
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was expected because it is found during the combustion of pure RDX. The only 
species that was solely attributed to GAP and identified as a major species in this 
study was NH 3 ; it was found to be 3-5% throughout the reaction zones. As for 
RDX/BAMO, the amount of N 2 and H 2 CO increased relative to neat RDX, and 
CO 2 is observed at the surface where none was detected for RDX. 

Species profiles at 300 W/cm 2 are shown in Fig. 9; basically, the same trends of 
species profiles were obtained as at the lower heat flux condition. However, due to 
the higher heat flux, the surface mole fraction of N0 2 increased, and the length of 
the primary reaction zone was increased to approximately 1 mm. The secondary 
reactions began at approximately 2.5 mm, somewhat closer to the surface than at 
the lower heat flux. 

The element balances at the two heat fluxes are similar. For RDX/GAP, the mole 
fraction of carbon is very close to the expected value and oxygen is fairly well 
conserved. However, the mole fractions of nitrogen and hydrogen vary throughout 
the reaction region. The amount of nitrogen is well above its expected value far from 
the surface. This may indicate that the amount of N 2 is in error far from the surface, 
perhaps due to difficulty in separating it from CO during the daughter mode tests. 

Temperature measurements in RDX/GAP proved to be quite difficult due to 
the presence of the carbonaceous residue on the surface that tended to attach to 
the thermocouples and to confound the measurements. However, multiple profiles 
were obtained, and typical ones are presented in Fig. 10. For both experimental 
conditions, the temperature rose from the surface temperature, and then it held 
constant at a dark zone temperature of approximately 1 250 K. The effect of the 
residue is manifested in the transients present in some of the tests within the dark 
zone. The surface temperatures were approximately 650 and 700 K at 100 and 
300 W/cm 2 , respectively. 


C. HMX/GAP 

Figure 1 1 displays two images that were taken before and after ignition at a 
heat flux of 100 W/cm 2 . Figure 11a shows a significant amount of residue on the 
propellant surface. Figure 1 1 b shows a broad luminous flame zone separated from 
the surface by a dark zone. The luminous streaks in the flame appear to indicate 
that some segments of residue were brought to the flame region from the surface. 
It was also observed that rapid gas expansion occurred at the beginning of the 
luminous flame. The flame standoff distance was not very stable at the lower heat 
flux level and generally decreased with time after ignition. This could be due to the 
long ignition delay of approximately 1.5 s that built up energy, and perhaps some 
species, in the condensed phase. The buildup resulted in a higher initial burning 
rate that stretched the reaction zones. Thus, it is reasonable that the flame standoff 
was higher just after ignition. The burning rate was calculated to be 1.1 mm/s at a 
heat flux of 100 W/cm 2 from the video images. 

Clearly, the fibrous residue was formed before and after ignition occurred at a 
heat flux of 100 W/cm 2 . The recovered sample showed many black, carbonaceous 
fibers tangled together on the surface. The diameter of these fibers was normally 
less than 10 /xm. These black carbonaceous fibers appeared to be the same fibrous 
residue observed on the burning surface in the videos. The video images also 
showed that the carbonaceous fibers grew rapidly after the laser was turned on, 
much as they did in the case of RDX/GAP. 
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Fig. 10 Temperature profiles of deflagrating RDX/GAP pseudopropellants. 



At a heat flux of 300 W/cm 2 , a relatively short ignition delay of 42 ms was 
observed, and the burning rate was calculated to be 2.4 mm/s. At this heat flux, the 
distinctive luminous flame zone was not observed in the video, but the test chamber 
was brightly illuminated. This illumination could indicate that the luminous flame 
was blown away from the viewing region by the high-velocity gas flow. At this 
test condition, only a small amount of carbonaceous residue was found at the edge 
of the propellant. The cause of the reduced level of carbonaceous residue at the 
higher heat flux is not known. 

Figure 12 displays species profiles of the major species measured for GAP/HMX 
at a heat flux of 1 00 W/cm 2 . The major species are similar to those found for HMX 
and RDX. The surface position was difficult to determine because the carbona- 
ceous residue on the surface blocked the view during combustion. Because a sharp 
temperature rise was observed within approximately 0.5 mm, the burning surface 
position was assigned at 0.5 mm before the beginning of the region with flat species 
profiles. H 2 was not included in the species profiles because the setting of the mass 
spectrometer was not focused on the signal at 2 m/z. Generally, the species profiles 
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a) During the carbonate accumulation 



b) Flame evolution 

Fig. 1 1 Typical burning behavior of the GAP/HMX pseudopropellants for 1 00 W/cm 2 
and 1 atm. 


in Fig. 12 display three distinctive regions: a primary reaction zone, a dark zone, 
and the secondary reaction zone. The primary reaction zone extends from 0 to 
0.5 mm above the surface. The dark zone lasts from 0.5 to approximately 3.5 mm 
above the surface. In this region, all of the species profiles, except for H 2 CO, are 
relatively flat. 

Figure 1 2 also shows the element fractions for the corresponding species profiles. 
The theoretical element fractions in HMX/GAP are shown with dotted lines in the 
Fig. 12. At the surface, H is 14% lower than the theoretical value of H, whereas 
N is 14% higher than its theoretical value. In the secondary reaction zone, the H 
fraction shows a significant deficit. The main reason is that H 2 was not measured 
but was expected to exist in substantial amounts. In general, the element fractions 
are much closer to the expected values than they were for either of the RDX/azide 
materials. For neat HMX, the element balances were also better than for neat 
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Fig. 12 Species and element fraction profiles for deflagration of HMX/GAP pseudo- 
propellants at heat flux of 100 W/cm 2 in argon at 1 atm. 


RDX. 13,14 The reason that HMX yields better element balances has never been 
established, but it may be because HMX bums more rapidly and uniformly than 
RDX at the conditions used in these tests. 

Figure 13 displays species profiles for HMX/GAP at a heat flux of 300 W/cm 2 . 
The species profiles are similar to those in the dark zone at a heat flux of 1 00 W/cm 2 . 
All species remain relatively flat throughout the measurement region, and HCN is 
the most abundant species followed by H 2 O, H 2 CO, NO, N 2 , CO, and N 2 O. The 
primary reaction region seems to be stretched to approximately 1 .5 mm above the 
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Height above the surface (mm) 


Fig. 13 Species and element fraction profiles for deflagration of HMX/GAP pseudo* 
propellants at heat flux of 300 W/cm 2 in argon at 1 atm. 


surface, followed by a long dark zone. The typical species profiles in the secondary 
reaction zone were not obtained during these tests. The results were in line with 
the absence of a distinctive luminous flame at a heat flux of 300 W/cm 2 , probably 
due to high gas velocity. 

The temperature profiles at heat fluxes of 100 and 300 W/cm 2 shown in Fig. 14 
are relatively similar. Starting from the surface temperature, ~700 and ~750 K at 
100 and 300 W/cm 2 , respectively, the temperature rises sharply near the surface 
and then flattens out approximately 0.5 mm above the surface. Unfortunately, the 
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Fig. 14 Temperature profile for deflagration of GAP/HMX pseudopropellants at 100 
and 300 W/cm 2 . 


thermocouples consistently burned out near this point because the luminous flame 
came back to the surface. The uncertainties in the exact surface temperature are 
large due to a steep temperature gradient and a large amount of residue at the sur- 
face. Kubota and Sonobe 6 have measured the temperature profile of the HMX/GAP 
flame at a pressure of 0.5 MPa. Their results show a two-stage temperature rise. 
The temperature profile in the present study was very similar to the first stage of 
their temperature profile. 

D. Overall Chemical Structure 

Considering all of the species data, it is clear that the reactions in the gas 
phase are dominated by nitramine chemistry. In all cases, the primary reaction 
zone near the surface is associated with the consumption of NO 2 . In general 
H 2 CO is also consumed in this region; however, it is not completely consumed 
in the primary reaction zone as it is for the neat nitramines. That H 2 CO survives 
the primary reaction zone is due to its increased mole fraction resulting from the 
production by the azide polymers. In general, the HCN mole fraction is constant 
through the primary reaction zone and in the dark zone until the secondary re- 
actions begin. Water increases in the primary reaction zone and then maintains a 
relatively constant mole fraction through the dark zone and into the secondary re- 
action zone. This trend is shown most clearly by the HMX/GAP data at 100 W/cm 2 
(Fig. 12). The constant mole fraction of water throughout the secondary reaction 
zone is explained by the dominant reaction in this region being the HCN/NO 
reaction typical of nitramines. This reaction can proceed to CO and N 2 without 
the formation of water through the overall reaction 

2HCN + 2NO -> 2CO + 2N 2 + H 2 

Unfortunately H 2 was not measured in most of the experiments performed, but it 
is expected to exist at a high mole fraction in the final products due to the fuel-rich 
nature of the propellants. 

Although the basic structure of these flames is dominated by nitramine chem- 
istry, the influence of the energetic polymers is still clear. As will be discussed 
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Table 2 Combustion characteristics for nitramines and 
pseudopropellants at 100 W/cm 2 


Species 

Surface 
regression 
rate, mm/s 

Length of 
primary 
reaction 
zone, mm 

Dark zone 
present 

Beginning of 
secondary 
reactions, mm 
above surface 

^surface » 

K 

/dark 

zone, 

K 

RDX 

0.2 

~0.5 

No 

-0.5 

610 

NA a 

HMX 

0.9 

~2.5 

No 

-2.5 

650 

NA a 

RDX/GAP 

0.8 

~0.5 

Yes 

-3.5 

650 

1250 

HMX/GAP 

1.1 

-0.5 

Yes 

-3.5 

700 

1300 

RDX/BAMO 

0.35 

-1 

Yes 

No final flame 

640 

1200 


“Not applicable. 


hereafter in some detail, the addition of the azide polymers affects the length of 
the primary reaction zone in many cases, as well as the location at which the 
secondary reactions begin; however, the trends are not consistent among the three 
propellants. The addition of the polymers also changes surface mole fractions of 
some of the species associated with nitramine combustion including H 2 CO, N 2 , 
and HCN, because these are major products of the decomposition of BAMO 15 and 
GAP. 16 In addition, species that are only produced by BAMO and GAP are present, 
including ammonia and acetaldehyde, as well as small hydrocarbons. Also, CO 2 
is observed at the propellant surface, whereas it is not present at the surface of the 
neat nitramines. 13,14 

E. Effect of Azide Polymer Structure 

A comparison of the results for RDX/BAMO and RDX/GAP presents some 
interesting insight into the effect of the structure of the azide polymer on the 
chemical and physical processes involved in combustion process. Table 2 presents 
a summary of the results for key parameters for the three pseudopropellants tested 
along with those of the neat nitramines at 100 W/cm 2 . Listed in Table 2 are the 
length of the primary reaction zone, which is estimated from the N0 2 profile, 
the height above the sample surface at which secondary reactions begin, along 
with surface regression rates and measured surface temperatures. Choosing the 
point at which the secondary reactions begin was somewhat arbitrary because the 
species data often showed a region of gradual increase of CO and N 2 followed 
by a region where they increased with a much greater slope. Table 2 shows the 
locations corresponding to the beginning of the larger slope. 

RDX/GAP had a much higher regression rate than RDX/BAMO, 0.8 vs 
0,35 mm/s; however, the two materials had similar surface temperatures. Even 
with the much higher regression rate, GAP did not affect the length of the primary 
reaction zone, whereas the addition of BAMO caused a significant change in the 
primary reaction zone length as well as the surface concentration of N0 2 and the 
shape of the N0 2 profile. Clearly, BAMO had a much greater impact on the near 
surface reaction zones and stretched it substantially. 

The location where secondary reactions begin was changed substantially by the 
addition of GAP to RDX, and the secondary reactions occurred over a larger dis- 
tance, suggesting that the final reactions occur in a distributed fashion rather than in 
a thin sheet observed for neat RDX. (The effect of GAP on the secondary reaction 
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Table 3 Mole fractions of species at sample surface for 100 W/cm 2 


Species 

N0 2 

HCN 

n 2 o 

h 2 co 

NO 

n 2 

nh 3 

CO 

o 

u 

h 2 o 

RDX 

0.04 

0.23 

0.09 


0.21 

0.06 

0 

0.08 

0 

0.22 

HMX 

0.10 

0.20 

0.09 

0.18 

0.14 

0.08 

0 

0.06 

0 

0.15 

GAP 

0 

0.16 

0 

0.10 

0 

0.35 

0.08 

0.10 

0 

0.01 

BAMO 

0 

0.22 

0 

0.15 

0 

0.42 

0.05 

0.02 

0 

0.05 

RDX/GAP 

0.05 

0.19 

0.06 


0.14 

0.10 

0.04 

0.09 

0.02 

0.20 

HMX/GAP 

0.10 

0.26 

0.07 

0.14 

0.14 

0.08 

NM a 

0.07 

0.02 

0.10 

RDX/BAMO 

0.13 

0.14 

0.08 


0.13 

0.10 

NM a 

0.06 

0 

0.17 


a Not measured. 


zone of HMX was similar, and a simple one-dimensional model of this portion 
of the flame showed that the products entering the dark zone of the HMX/GAP 
resulted in a distributed secondary reaction zone. 17 ) The addition of BAMO to 
RDX again had a more dramatic effect than that of GAP. It pushed the beginning 
of the secondary reactions beyond 4 mm from the surface where the species mea- 
surements ended. The video recordings of the combustion of RDX/BAMO at this 
condition showed no luminosity characteristic of the secondary flame, suggesting 
that it was blown off by the addition of BAMO at these experimental conditions. 

Additional differences among the propellants can be seen in the near-surface 
mole fractions of the major products. The surface mole fractions for tests at 
100 W/cm 2 are summarized in Table 3 along with those for the neat materials. 
Products associated with the initial decomposition of nitramines N0 2 , HCN, N 2 0, 
and H 2 CO are listed in the first four columns of Table 3. Of the three pseudopro- 
pellants, RDX/BAMO shows the greatest impact on these species with substantial 
increase in N0 2 and H 2 CO relative to neat RDX, as well as a significant reduction 
in HCN. The increase in H 2 CO can be partially explained by it being a product 
of BAMO. The reduction in HCN is not easily explained because both BAMO 
and RDX produce it at similar levels, and so its reduction may indicate a chemical 
interaction in the condensed phase. For RDX/GAP, only the increase of H 2 CO 
appears to be significant. 

The very different impact of BAMO and GAP on RDX clearly raises the question 
of what the key physical and chemical processes causing them are. The structure 
of the gas-phase reaction zone can be affected by a number of factors including 
1) increased velocity of products leaving the surface, 2) increased surface temper- 
atures, 3) increased subsurface heat release resulting from the energetic binder, 
4) addition of inert N 2 at the surface by the azide binder that could lower reaction 
rates through dilution effects, 5) changes in the mole fractions of major reactive 
species leaving the surface, and 6) more fuel-rich stoichiometry that will lower 
reaction rates and lower the final flame temperature. However, all of these factors 
are present for both GAP and BAMO, and it is not possible to argue from the 
present data what interplay of these factors caused the observed trends. 


F. Effect of Oxidizer Structure 

More interesting questions are raised by comparison of the results for RDX/GAP 
with those of HMX/GAP to illustrate differences caused by the structure of the 
nitramine. Previous work with neat nitramines under experimental conditions 
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Table 4 Effect of increasing heat flux on combustion characteristics 8 


Species 

Surface 
regression 
rate, mm/s 

Length of 
primary 
reaction zone, 
mm 

Dark zone 
present 

Beginning 
of secondary 
reactions, mm 
above surface 

^surface > 

K 

7dark 

zone, 

K 

RDX 

0.7 ft 

-it 

No 

~1.5 t 

610 -» 

NA b 

HMX 

1.2 t 

~2.5 — ► 

No 

~4 f 

650 — ► 

NA b 

RDX/GAP 

1.9 t 

~lt 

Yes 

~2.5 | 

700 f 

1250 — > 

HMX/GAP 

2.4 f 

~1.5 ff 

Yes 

>8 ft 

750 | 

1400 -> 

RDX/BAMO 

1.4 ft 

~2 -> 

Yes 

~3 

670 t 

1500 t 


a Arrows indicate change relative to corresponding case at 1 00 W/cm 2 ; all results for 300 W/cm 2 except 
RDX/BAMO at 400. 
b Not applicable. 


similar to those used in this study showed distinct differences in their gas-phase 
chemical structure. 1314 Some of these difference are clear in Tables 2 and 4, in- 
cluding that the primary reaction zone length of HMX was much greater than that 
of RDX at the same experimental conditions. When GAP was added to HMX, it 
resulted in a shortening of the primary reaction zone at both heat fluxes, whereas 
the primary reaction zone for RDX/GAP was unchanged relative to that for neat 
RDX. The effect on the location of the beginning of the secondary reactions was 
to move it farther from the surface for both nitramines with the addition of GAP. 
Also, the effect of GAP on the burning rate of RDX was much greater than that 
for HMX at both heat fluxes, even though the surface temperatures increased by 
approximately the same amount, 40-50 K, in each case. 


G. Effects of Heat Flux on Pseudopropellant Combustion 

The arrows included in Table 4 illustrate the direction of the change of each 
table entry when heat flux was increased. The number of arrows is an attempt 
to visually indicate the magnitude of the change; an increase of approximately 
three times was used to delineate the use of one and two arrows. A horizon- 
tal arrow indicates that a quantity was unchanged within the uncertainty of the 
experiments. 

For the two nitramine/GAP propellants, the effect of increasing heat flux on 
the burning rate was of approximately the same order; the burning rate increased 
by slightly more than a factor of two. For RDX/BAMO, however, the effect of 
increasing heat flux was nearly a factor of four. Even considering that the high 
heat flux for RDX/BAMO was 400 W/cm 2 as opposed to 300 W/cm 2 for the pro- 
pellants containing GAP, this is a more substantial effect of heat flux on regression 
rate. For all of the pseudopropellants, an increase in heat flux resulted in higher 
measured surface temperatures in contrast to the neat nitramines, for which surface 
temperature was independent of heat flux. 

The effect of increasing heat flux on the reaction zones (Table 4) and surface 
mole fractions (Table 5) was complex, showing some consistent trends and some 
opposing trends. For all three propellants, increasing the heat flux caused the 
primary reaction zone length to increase by a factor of two or more. On the other 
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Table 5 Mole fractions of species at sample surface for high heat flux 


Species 

no 2 

HCN 

N 2 0 

H 2 CO 

NO 

n 2 

NH, 

CO 

C0 2 

h 2 o 

RDX 

0.12 

0.23 

0.08 

0.03 

0.16 

0.05 

0 

0.07 

0 

0.22 

HMX 

0.12 

0.18 

0.12 

0.10 

0.10 

0.06 

0 

0.03 

0 

0.19 

GAP 

0 

0.16 

0 

0.11 

0 

0.36 

0.10 

0.11 

0 

0.01 

BAMO 

0 

0.22 

0 

0.15 

0 

0.42 

0.05 

0.02 

0 

0.05 

RDX/GAP 

0.12 

0.18 

0.04 

0.07 

0.10 

0.12 

0.04 

0.10 

0.02 

0.16 

HMX/GAP 

0.03 

0.26 

0.08 

0.15 

0.13 

0.10 

NM a 

0.10 

0.03 

0.12 

RDX/BAMO 

0.14 

0.19 

0.09 

0.02 

0.13 

0.17 

NM a 

0.06 

0.01 

0.21 


a Not measured. 


hand, the start of secondary reactions showed opposite trends for the two GAP- 
based propellants. Increasing heat flux caused the start of secondary reactions to 
move closer to the surface for RDX/GAP, whereas it pushed them beyond 8 mm for 
HMX/GAP. The effect of increasing heat flux on RDX/BAMO is not entirely clear 
because of the limited spatial extent of the measurements that were taken only to 
approximately 3 mm at the high heat flux. The changes in reaction zone structure 
and burning rate cannot be explained with simple phenomenological arguments. 


VI. Conclusions 

The species and temperature data for three nitramine/azide pseudopropellants 
presented must be considered in light of the very challenging nature of the exper- 
iments. Although the element balances are not as good as desired, indicating that 
some species may have been missed, the experiments are among the few in the 
literature that attempt mass closure in propellant studies. Measurements of surface 
temperature are notoriously difficult due to the challenge of identifying the surface 
as well as problems with residue. Independent experiments to confirm the species 
and temperature data would be very useful to the overall effort to understand and 
model the behavior of the nitramine/azide propellants. Even so, the data show 
many fascinating similarities and differences among the three materials in terms 
of nitramine/azide polymer interactions and also on the effects of increasing heat 
flux. The trends are too complex to explain with phenomenological arguments and 
point to the need for detailed numerical modeling of the pseudopropellants. The 
experimental results presented provide many challenging cases for model valida- 
tion. Such modeling of nitramine/azide propellants has been started by Liau et al., 18 
but much remains to be done. 
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Chapter 2.5 


Optical Diagnostics of Solid-Propellant 
Flame Structures 


Timothy Parr* and Donna Hanson-Parr* 

Naval Air Warfare Center Weapons Division, China Lake, California 


I. Introduction 

T HIS chapter is a review of results obtained from the authors’ experimental 
work on energetic materials, including solid rocket oxidizers, monopropel- 
lants, and fuels at and above atmospheric pressure. 1-30 Included in these studies 
were cyclotetramethylene tetranitramine (HMX), 1-3,5 -7,9, 10,17,25,27,29 cyclotrimet- 
hylene trinitramine(RDX), 1,2,5,9 ' 17,20 ' 25,27, 29,30 1,3,3-trinitroazetidine (TNAZ), 3,27 
hydrazinium nitroformate [N 2 HS + CfNChh] (HNF), 11,15,17,27,29 ammonium per- 
chlorate (AP), 3 ' 13, 14, 16 ' 18, 19,21-23,27 ammonium dinitramide (ADN), 2 ' 3 ' 12,27 and the 
gun propellant based mostly on RDX, XM39, 9,17,29 as well as burning aluminum 
droplets. 7,24,26,28 A brief general description of the experimental apparatus setups 
used for various types of experiments, including sample preparation, is presented. 
This is followed by results for flame structure measurements on various energetic 
materials. These results show a wide range of behavior for different energetic 
material families. 

The purpose of making spatially and temporally resolved quantitative measure- 
ments of species and temperature in solid-propellant flames is to help validate 
models of propellant combustion based on detailed kinetics. These models will 
allow a priori prediction of propellant ballistic properties, such as burning rate, 
pressure exponent, temperature sensitivity, ignition behavior, combustion instabil- 
ity response, and perhaps hazard responses without the costly process of large-scale 
formulation and testing. 


II. Experimental Techniques 

A. Description 

Samples consisted mostly of pure powders or powder mixtures pressed into solid 
cylinders. For the sandwich samples, alternating layers of different solid materials 
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Acquisition 

Fig. la Apparatus diagram for PL1F experiments. 


were pressed firmly against each other in a miniature vise. Formulated propellant 
samples were cut from as-received material. Oxidizer and monopropellant powders 
used were HMX, RDX, TNAZ, HNF, AP, and ADN. Fuels were only used in the 
sandwich experiments and included hydroxyl-terminated polybutadiene (HTPB), 
polyurethane (PU), glycidylazide polymer (GAP), bis(azidomethyl)oxetane 
(BAMO), 3-nitratomethyl-3-methyl oxetane (NMMO), and BAMO/NMMO mix- 
ture. The HMX and RDX were military grade, and the AP was commercial ultra- 
pure, low alkali material. The TNAZ, HNF, and ADN were research materials. 

Sample cylinders from powders were pressed neat at about 556 MPa to 96-98% 
theoretical maximum density and were either 6.35 or 10 mm in diameter. For 
HMX and RDX only, one or two drops of methanol or acetone were used in the 
pressing process. This was dried out of the sample prior to use. The XM39 samples 
were 6.35-mm-diam extruded cylinders. For self-deflagration tests, the CO 2 laser 
ignition source was turned off shortly after the sample was ignited, and the data 
used were from the time frame of steady-state self-deflagration without CO 2 laser 
support. In the laser-supported work, the CO 2 laser flux was continued during the 
entire experiment. 

The flame structure was measured using planar laser-induced fluorescence 
(PLIF) imaging, 2-7 UV- visible absorption, 1 ' 2 UV- visible emission, and most re- 
cently spontaneous Raman spectroscopy. 16, 17 The apparatus diagrams for the PLIF 
and absorption spectroscopy setups are shown in Figs, la and lb, respectively, and 
that for Raman in Fig. 2. 


Neutral 



Fig. lb Apparatus diagram for UV-visible absorption experiments. 
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■ f 4.5 Spectrograph and 1 D OM A™ 


Fig. 2 Raman apparatus diagram. 


The laser used to excite PLIF was a Nd-YAG pumped tunable dye laser with 
nonlinear crystal mixing and doubling into the ultraviolet. The ultraviolet beam 
was expanded and formed into a sheet and passed through the center of the flame. 
The camera used to image PLIF was a gated image intensified charge-coupled 
device with 752 x 480 pixels. The camera was gated on for about 80 ns only 
during or just after the diagnostic laser pulse; this discriminated against natural 
flame emission and monitored only the laser-induced fluorescence. 

PLIF provides a narrow planar slice through the flame, whereas emission imag- 
ing is a line-of-sight average technique. The thickness of the laser sheet typically 
was less than 150 /rm, and the resolution of the two-dimensional camera system 
was from 4 to 9 p m per pixel. Such fine resolution was required for the very short 
RDX and especially HNF flames as well as the fine spatial detail of the sandwich 
diffusion flames. The camera resolution was determined by imaging a ruler. Species 
monitored with PLIF included CN, NH, OH, NO, NO 2 , polyaromatic hydrocarbons 
(PAHs), and AlO. Other species monitored with PLIF but not reported here in- 
cluded H 2 CO, C 2 , and CH. Because of quenching, the PLIF technique is not quanti- 
tative. However, the measured profiles are placed on an absolute scale by calibration 
with absorption spectroscopy. Also, because PLIF is quantum state specific, sepa- 
rate levels can be pumped and the resulting signals used to obtain either rotational 
or vibrational temperature. This was accomplished for CN, NO, OH, and AlO. 

The absorption measurements have been described previously. 1 ' 2 Basically, a 
light beam, focused at the center of the sample to avoid beam steering, passed 
through the flame of a deflagrating sample, and the transmitted light was mea- 
sured spectrally using an intensified linear diode array detector. The absorption 
spectrum was obtained by ratioing the spectrum obtained with flame to that with- 
out flame (/// 0 ). Species concentration and temperature (if the spectroscopy of 
the species is known) are then obtained by comparing with calculated spectra, or 
(if the spectroscopy is not known) with spectra from the literature. Spatial reso- 
lution for absorption measurements was typically 100 /rm and could be as good 
as 50 pm. Species monitored with absorption were NO, OH, CN, NH, H 2 CO, 
HONO, NO 2 , and AlO. The absorption technique is line of sight but quantitative. 
Absorption path information is obtained from the relevant PLIF results or visible 
imaging. 

Spontaneous Raman is conceptually simple, but in practice is difficult to imple- 
ment. A full discussion of this technique can be found elsewhere. 16 A laser beam 
was directed over the sample and focused above the sample, and the Raman signal 
was detected at 90 deg with a linear diode array camera on a spectrograph. The 
intensity of the signal is very small, and so great care must be taken to reduce as 
many sources of noise as possible. The majority of species were detected using 
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this technique, including HCN, NO, H 2 CO, N 2 , CO, CO 2 , H 2 O, H 2 , N 2 O, and O 2 . 
Although the technique as implemented gives a single point measurement, all of 
these species are obtained in the spectrum from a single experiment. The spatial 
resolution for Raman was about 100 gm. 


B. Uncertainties in Concentration and Temperature Measurements 

The greatest uncertainties in temperature data arise from measurements con- 
ducted in the region of the flame close to the sample surface, where there is a 
steep gradient. Because each OH radical PLIF rotational line measurement was a 
separate experiment, we used video cameras to verify surface location and flame 
height. Temperature was obtained from the slope of a type of Boltzmann plot. 
Temperature measurements for which the correlation coefficient was less than 0.9 
were automatically thrown out. For the most part, correlation coefficients of 0.99 
were seen, except near the surface, where there is little or no OH. A correlation 
coefficient of 0.99 yields about a ±8% standard deviation in the slope, or ±150 K 
standard deviation in the temperature. The temperatures measured came very close 
to adiabatic high in the flame, proving the validity of the technique. 

Another check of temperature is comparison of the OH radical PLIF-measured 
temperatures with that obtained from fitting absorption measurements. These ap- 
pear to overlap well to within 100-200°C. Fitting the absorption spectra for tem- 
perature is difficult, however, because of noisy baselines. To obtain concentrations 
from the absorption results, the temperature is usually taken from the PLIF results, 
and the fit is compared with the data. Sometimes, vibrational temperatures can be 
obtained from the absorption measurements (for example, for NO). An error of 
150°C in the NO temperature would lead to about a 6-10% error in mole fraction 
concentration (but not number density). 

The other sources of error in absorption measurements involve the pathlength 
and baseline noise. Absorption is essentially linear with pathlength, so that a 10% 
error would yield a 10% error in concentration. The pathlength measurement is 
most uncertain near the secondary flame front because the three-dimensional flame 
shell around the sample is Gaussian. Near the surface, where the pathlengths are 
longer, a maximum of 5% error in pathlength would be typical. 

Baseline noise is worst for experiments for which little averaging was done 
and for which the concentration is small and/or the pathlength is short. Typically, 
the baseline noise was about ±5%. Therefore, an estimate of uncertainty in mole 
fractions, barring gross measurement errors, would be typically 15% near the 
surface and 25% nearer to the secondary flame front. 


III. Results 

We start with discussions of RDX and HMX flame structures, including laser- 
supported deflagration at 0. 1 MPa (1 atm), the effect of pressure, steady-state defla- 
gration, transient ignition, and the differences between RDX and HMX. Then we 
will present results from other neat energetic materials. Diffusion flame structures 
of composite sandwich samples will be presented. Then results from a complete 
formulated nonaluminized solid propellant will be shown, and finally metal com- 
bustion studies will be summarized. Note that, in all PLIF results color images, 
red is maximum intensity, and violet to black is minimum. 
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mm Above Surface 


Fig. 3 Temperature and species profiles for laser-supported deflagration of RDX at 
1 atm in air; laser flux of 400 W/cm 2 . 


A. Laser-Supported Deflagration of RDX and HMX 
at 0.094 Megapascal (1 Atmosphere) 

Work has been conducted to image the flame structure of HMX, RDX, HNF, 
ADN, and other advanced energetic materials at pressures between 0.094 and 
1.84 MPa (0.92 and 18 atm) during the ignition and steady-state deflagration 
stages using a CO 2 laser as an ignition source. 1-710 ’ 20,25 The added CO 2 laser 
heating was used to enhance the low-pressure burning rate of these neat materi- 
als and to simulate more closely the surface heat flux conditions seen by sam- 
ples self-deflagrating at rocket motorlike pressures. In addition, the external laser 
flux stretches out the flame zone, making it easier to use diagnostics to resolve 
the species and temperature profiles. The evolution of the flame during the ignition 
stage could be studied with PLIF by varying the time between the ignition laser 
and probe laser. Prior results for HMX have been reviewed previously. 2 Results 
for RDX laser-supported deflagration at 0.094 MPa (0.92 atm) are shown in Fig. 3. 
These profiles were obtained from the PLIF images via selection of a centerline 
slice and from the UV-visible absorption traces via deconvolution of pathlengths 
measured from PLIF and emission imaging. RDX shows considerably shorter 
flame heights than HMX: Under the same conditions of external laser flux, the 
height to the peak in the CN flamesheet was 2.5 mm for RDX and 4 mm for HMX. 

The temperature trace of Fig. 3 is a combination of data from three sources. 
The temperature within the condensed phase and just above it was obtained from 
thermocouples with a 5-/im-thick junction. The temperature profile in the dark 
zone region was obtained from fitting of NO UV absorption spectra, and the 
temperature profile from the dark zone through the secondary flame and beyond 
was obtained from OH rotational temperature (OH T r ) PLIF. Several R\ transitions 
of the (1, 0) A-X band were excited, and Boltzmann populations were used to 
obtain rotational temperature. The models of RDX deflagration predict that the 
temperature should rise above the adiabatic flame temperature in laser-assisted 
experiments, due to the heat input from the laser, in agreement with our results. 

These laser-supported flames were three dimensional rather than one dimen- 
sional, due both to the bell- shaped energy profile of the ignition laser and the heat 
losses from the edges of the flame. Using a flatter energy profile, at lower average 
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flux, improved the flame structure, but the flame was still far from mathematically 
one dimensional. Modeling these flames in full three dimensions would obviously 
be computationally prohibitive, and so we used particle imaging velocimetry to 
measure the flow streamlines and, therefore, the flame area ratio function. In our 
geometry, the velocity is nearly constant through the dark zone and secondary flame 
sheet, so that the energy release of the secondary flame appears mostly to spread out 
the flame rather than speed up the flow. The area ratio curve was given to modelers 
to include in their one-dimensional model as a correction factor. When this was 
included, there was quite good agreement between the model 31 and our species and 
temperature profiles, as well as with the bum rate, pressure exponent, and tempera- 
ture sensitivity measurements of Atwood et al. 32 This is the first time that an apriori 
model with detailed kinetics has been able to predict the ballistic properties of solid- 
propellant combustion and match the species and temperature profiles. Experimen- 
tal measurements were important inputs in developing and validating this model. 


B. Effect of Pressure on HMX Flame Structure 

A study of the change in HMX laser- supported flame structure with pressure 5 
showed that the secondary flamesheet thickness, as monitored with CN radicals, 
decreases with pressure as l/P 098 , and the flame height decreases more or less in- 
versely with pressure as well. The range of pressures covered was 0.094-1 .84 MPa 
(0.92-18 atm). Other PLIF measurements have been done up to 2.5 MPa (25 atm), 
which is approaching actual rocket motor operating pressures. Loss of signal due 
to quenching did not seem to be a problem, but Fig. 4 shows that for nitramines the 
flame structure length scales become exceedingly small at realistic rocket motor 
pressures. Extrapolation of Fig. 4 to 5.2 MPa (51 atm), a realistic rocket motor 
operating pressure, results in a flame height of only 24 /rm. Virtually no current 
diagnostic technique can make profile measurements within that length scale. This 
is why work is done at low pressures of 0.1-1 MPa (1-10 atm). 

Nevertheless, modelers wanted some results from a truly one-dimensional flame 
without added laser flux as a validation. It was also suggested that using added 
energy from a laser may produce artifacts in the flame, such as liquid spray, which 
may not be present without the laser. Laser Mie scattering experiments showed that 
there is indeed a liquid spray above the surface with laser-supported deflagration 
of RDX or HMX, but also that this spray is present, at a lower number density, 
for self-deflagration of HMX. The dark zone height of self-deflagrating RDX is 
so small, even at 0.1 MPa (1 atm), that few liquid droplets survive to be seen. This 
liquid fuel spray can only be seen under intense laser illumination, as the drops, 
being nonrefractory, do not incandesce by themselves. 


C. Self-Deflagration of RDX at 0.1 Megapascal (1 Atmosphere) 

As seen in Fig. 5, the addition of CO 2 laser flux to RDX caused a marked 
increase in the flame standoff distance. At 0.1 -MPa (1-atm) pressure, without 
the additional flux, the RDX flame height (to the peak in the CN flame sheet) is 
only about 0.47 mm, and the temperature profile no longer has a plateau region 
indicative of a dark zone (see Fig. 6). The collapse of the dark zone plateau had 
also been predicted by model calculations. The reason the dark zone collapsed on 
removal of the CO 2 laser was that the decomposition rate near the surface slowed 
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Fig. 4 HMX flame as function of ambient pressure (N 2 atmosphere): a) secondary 
flame standoff and b) flame thickness. 


down, causing a decrease in gas velocity and a diffusive smearing due to the close 
proximity of the secondary flame radicals. 

Measurements of nonlaser-supported deflagration, i.e., self-deflagration, of RDX 
at 0.094 MPa (0.92 atm) were made using PL1F at down to 4-fnn spatial resolution 
and UV-visible absorption. 9 ' 29 Despite the much smaller length scales, tempera- 
ture and many species profiles were measured. Absorption quantified NO, H 2 CO, 
HONO, OH, CN, and NH. The OH concentration shown in Fig. 6 is less than that 



Fig. 5 CN PLIF images using 10-mm-diam RDX pellets at 1 atm for (left) self- 
deflagration showing an extremely flat flame compared with (right) laser-supported 
deflagration showing a decidedly nonflat flame. 
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Fig, 6 PLIF measured and absorption calibrated species and temperature profiles 
for self-deflagration of RDX at 1 atm in air; temperatures below 0.3 mm come from 
5-fim thermocouple. 


shown previously 9 - 29 : the pathlength used previously for the determination was 
found to be incorrect. The flame was too short to resolve NO 2 and the 365-nm 
unknown (possibly a nitrosamine 1 ) profiles, which die quite close to the surface, 
even for laser-supported combustion. Peak concentrations were 310 ppm for CN 
and 260 ppm for NH, and 3.6 mol% for OH, 17 mol% for NO and <1 mol% 
for H 2 CO and HONO. PLIF was used to measure profiles for CN, NH, and OH, 
and OH rotational temperature. Species concentration and temperatures profiles 
are shown in Fig. 6. For OH, the /?i(10) line was used and was corrected for the 
effects of temperature, but it was found that this correction was minor. 


D. HMX Self-Deflagration at 0.1 Megapascal (1 Atmosphere) 

The flame standoff for self-deflagrating HMX is much higher than for RDX. 
Without the external laser flux to support the flame, the bum rate and flame height 
are variable, and this makes comparison of species profiles, each of which are 
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Fig. 7 RDX ignition in air at 1 atm: CN PLIF images of flame structure. Time after 
start of heating pulse shown above each frame. The top images are low flux ignition 
and bottom images are medium flux ignition. 



OPTICAL DIAGNOSTICS OF FLAME STRUCTURES 


389 



mm 


Fig. 8a Temperaure (OH T r ) profiles during ignition of RDX in air at 1 atm at medium 
flux at selected times after the start of heating pulse. 


measured in separate experiments, difficult and temperature ratios impossible. 
We made measurements of HMX deflagration flame structure without laser flux 
support, 9,29 but found that the flame was unstable at 0.094 MPa (0.92 atm) and that 
a fuel spray was present, which interfered especially with the NO measurements. 
We saw a maximum mole fraction of about 6.5% for both H 2 CO and NO 2 , about 
210 ppm of CN, and 3.6% OH. The 365-nm nitrosamine was not observed. 


E. Ignition of HMX and RDX 

Quantitative CN, OH, and OH rotational temperature and velocity two- 
dimensional profiles were imaged using PLIF or PIV during ignition and dera- 
diative extinguishment of RDX 20 ' 25 at three different C0 2 laser heat flux levels: 
low = 195, medium = 402, and high = 807 W/cm 2 . For HMX, only the medium 
flux was used. 10,25 Relative NO 2 and NO profiles were also imaged with PLIF. De- 
composition products, such as NO and N0 2 , were formed early in the laser heating 
process for both HMX and RDX, and the gas plume moved away from the surface. 
Ignition occurred in the gas phase at a later time, as evidenced by radical buildup, 
such as CN (Fig. 7) and OH. This often appeared as a spherical ignition kernel 
away from the surface. The flame then transitioned rapidly to a thin flamesheet 
that moved toward the surface. With longer heating times, laser-supported quasi- 
steady-state deflagration developed as the flame sheet again moved somewhat 
farther from the surface. Figure 8a shows the temperature profile as a function of 
laser heating time, and Fig. 8b shows how the flamesheet height varied with laser 



CO2 Laser Irradiation Time (n 


Fig. 8b CN flamesheet height vs time after start of heating flux for various levels of 
that flux. 
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heating time. The species and temperature data have been used as an aide in the 
development of a fully time-dependent RDX combustion model. 33 Such models 
are useful for not only predicting ignition behavior but also combustion instability 
response. 

Spectra of the preignition gases observed emanating from the surfaces of HMX 
and RDX during the heat-up phase were measured to look for signs of HONO 
formation. The spectral region sampled included HONO and NO 2 absorption, 
averaging from about 1 to 5 mm above the surface. Most or all of what was seen 
in this spectrum was due to NO 2 absorption, about 10 mol%. Spectra close to the 
surface were also examined for signs of HONO, but none were observed for either 
HMX or RDX. Any HONO formed must decay too close to the bubbly surface to 
be detected. 

Concentrations of the radicals CN, NH, and OH appear to be about the same 
for HMX and RDX during ignition and steady-state combustion (laser-supported 
or self-deflagration), with possibly 30-40% more CN for RDX during ignition. 

When the laser heating flux was shut off, the sample often extinguished (de- 
radiative extinguishment). The condensed phase profile for higher burning rate 
laser-supported deflagration is steeper (thinner) than that for lower burning rate 
self-deflagration. At the moment the laser heating flux is removed, the system is 
not in a steady-state solution. The deflagration continues, but rapidly consumes 
the thin preheated condensed phase profile, without having the thick profile to 
draw from. The pyrolysis rate falls off, and the combustion weakens as radical 
concentrations decay exponentially and the flame cools rapidly (not shown). 

Global measurements of the ignition process include establishing the first-light 
and go/no-go times. First light is the time when visible emission from the gases 
appears and go/no-go is the time beyond which the sample will remain ignited 
if the ignition source is removed. These times are, of course, ignition source flux 
dependent. We have seen that the gas phase flame structure is fully established much 
earlier than the go/no-go time, and the maximum temperature is already close to 
adiabatic very soon after first light. After first light, the steep temperature gradient 
is close to the surface, but then stretches out away from it as time progresses, 
until steady state is achieved. As the temperature profile stretches away from the 
surface, less heat feedback is provided by the flame with the complement necessary 
to sustain combustion coming from the CO 2 laser flux. It appears likely that early on 
the laser is providing sufficient heat to the surface to sustain combustion, but unless 
the condensed profile has become fully established that is, at go/no-go, the flame 
will extinguish if the flux is removed. In addition, we have found that the go/no-go 
point is dependent on how fast the laser heating flux is removed. Ramping the flux 
down allows the system to reestablish a solution, whereas instantly removing the 
flux leaves the system far from a solution. 

Because both the gas phase ignition and deradiative extinguishment processes 
are kinetically sensitive these data will provide good validation of both transient 
combustion code development and the input kinetic database. 


F. Comparison Between HMX and RDX 

The following conclusions/speculations were derived from our cited papers for 
HMX and RDX. Whereas HMX and RDX have virtually identical structures, their 
combustion properties differ in important ways. The burning rate of HMX at low 
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pressure and high initial temperature is higher than for RDX. The temperature 
sensitivity for the HMX burning rate at low pressure is higher than for RDX. 
Finally, although the molecular structure might imply similar decomposition gases, 
the flame structure for HMX is different, at low pressures, than for RDX. HMX 
has a much taller flame when self-deflagrating at 0. 1 MPa than RDX does. This 
implies that the input boundary condition to the gas phase at the surface must 
differ between HMX and RDX, which implies differences in the condensed phase 
processes or branching ratios. 

HMX and RDX both have high concentrations of N0 2 at the surface: laser- 
supported results yielded about 9 mol% for HMX and 15% for RDX for the 
same C0 2 flux. There appears to be as much as 1 1-16 mol% formaldehyde at the 
surface during deflagration for HMX (using T — 660 K) compared with <1-3% 
for RDX, with substantial amounts into the dark zone (5-10%). Military-grade 
RDX contains about 5% HMX, so that it is possible that the formaldehyde seen 
during RDX deflagration is actually coming from HMX decomposition. Because 
over an order of magnitude more formaldehyde is seen for HMX at the surface 
than for RDX during combustion and there is more N0 2 for RDX than for HMX, 
it appears that HMX decomposes partially via the N 2 0/H 2 C0 channel, whereas 
RDX probably proceeds mostly via the N0 2 /HCN channel. It is possible that peak 
concentrations still have not been resolved because these two species (N0 2 and 
H 2 CO) concentrations peak at the surface, which can be ill defined due to the 
amount of bubbling, especially during self-deflagration. 

Although the flame standoffs for HMX are about three times those for RDX 
during laser-supported deflagration, and 1 0 or more times during self-deflagration, 
the trend of flame height vs irradiance has the same slope. It appears that the 
HMX flame stabilized when the C0 2 laser irradiance was increased from zero. 
The surface temperature of self-deflagrating RDX, measured at 0.094 MPa using 
thermocouples was about 610 K, compared with about 660 K for HMX. 

It was found that RDX produces a probable nitrosamine not clearly visible in the 
HMX spectrum. There was about six times as much nitrosamine for RDX as for 
HMX during rapid thermal decomposition studies. The nitrosamine appearance 
seemed to be coincident with the liquefying of the material. 


G. TNAZ 

Neat TNAZ was found to be much harder to ignite than HMX or RDX and self- 
deflagrated with a visible flame only at pressures above 0.82 MPa (8 atm) (Refs. 3 
and 27). Under these conditions the hot flame was very close to the surface, making 
diagnostics difficult. 


H. HNF Neat Self-Deflagration Flame Microstructure 15,17,29 at 0.094 
Megapascal (0.92 Atmosphere) 

Some energetic materials have extremely short flame length scales, even at 
0. 1 MPa ( 1 atm). Figure 9 shows a video image of HNF deflagration at 0.094 MPa. 
There is an extremely short dark zone (about 40 /inn) with a complex flame 
structure. 

The first visible flame, starting at 40 gm and centered at 180 /um with a full 
width at half maximum (FWHM) thickness of 1 80 /um, appears whitish on the 
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Fig. 9 Video image of HNF self-deflagration at 1 atm in air. 


video and has the majority of its spectral emission to the red of 515 nm. A pre- 
liminary assignment is the NHi radical. Within this flamesheet, and extending 
beyond, are emissions from CN, NH, and CH. Emission spectroscopy showed 
that the CH was much stronger than for nitramines. The CN and NH emissions 
were much weaker than for nitramines, the NH emission being greater than CN, 
as opposed to nitramines. PLIF showed that the CN profile peaked at 360 /xm 
and the NH at 300 /xm. Above the bluish flame is broadband orange brown 
emission, probably NO + O = NO| recombination chemiluminescence, which ex- 
tends far into the burnt gas region. The OH radical PLIF profile rose rapidly 
through and outside the CN flamesheet and then transitioned to a more gradual 
rise in the burned gas region. The OH T r also rose sharply at the CN flamesheet, 
but did not reach the adiabatic flame temperature (2766 K) at this point. In- 
stead, it continued to rise at a slower rate. The NO concentration was quite 
high near the surface and died very gradually above the flame front. As dis- 
cussed elsewhere, 15 the conversion of NO to N 2 in this system is slow, and this 
reaction does not add much energy to the flame. Species and temperature pro- 
files from both emission and PLIF imaging are shown in Figs. 10a and 10b. In 
Figs. 10a and 10b, the (postulated) NH 2 is the Gaussian curve peaking closest to 
0 mm, NH is the next Gaussian curve out, CN next (18 ppm at the peak), and 
CH is the farthest out. The NO profile is from absorption measurements, fit to a 
curve. 
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Fig. 10a PLIF measured species and temperature profiles for self-deflagration of 
HNF at 1 atm in air; also included are selected emission profiles (NHJ and CH*). 
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Fig. 10b Same as Fig. 10a, showing only the 0-1.5 mm region. 


I. Diffusion Flame Studies via Sandwiches 

An actual rocket propellant consists of different materials held together in a 
binder. Figure 1 1 is a schematic of a propellant, showing diffusion flames between 
the decomposition gases of the oxidizer AP with fuel from binder decomposi- 
tion products. Understanding the interaction between ingredients and diffusion 
flame structure is important for understanding the effects of particle size on pro- 
pellant ballistic properties. For example, most AP-based propellants are thought 
to have diffusion flames between the AP and fuel decomposition products, and 
such propellants show particle size effects on ballistic properties. 35 Changing 
the AP particle size in AP composite propellants can lead to nearly a factor of eight 
change in bum rate. The smallest particles lead to the highest bum rate because 
the hot primary diffusion flame between AP and fuel dominates the heat feedback 
to the AP and leads to a high regression rate. Large AP particles experience heat 
feedback mostly from the cooler AP monopropellant flame, leading to a lower 
burning rate. 38 Much work has already been done in understanding the nature of 
the propellant diffusion flame structure of AP-based formulations. 8 ' 36-38 

One method for studing the interaction between ingredients is to use 
sandwiches 2 ’ 3 ’ 8 36-38 consisting of planes or slabs of two ingredients in close con- 
tact. This allows imaging of the diffusive flame structure from known geometries. 


Small AP crystals 

Large AP crystals controlled by diffusion 
Controlled by self-flame flames. Bum 8X faster 


k \ — A K 



Fig. 11 Solid-propellant matrix. 
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Fig. 12 CN PLIF image HMX/X/HMX sandwich flames, where X = N5 (left, 300-/zm 
thick) and AP (right, 500-^m thick), compared with HMX alone. Sandwich samples 
were burning at 1 atm in N 2 , and the HMX (middle) was in air. 


The approach in our laboratory was to use PLIF to get a two-dimensional image 
of a particular species in the flame of a sandwich and to study the effects of lamina 
thickness, lamina type, and pressure on the flame structure. The kinetic delay to 
significant heat release can be seen by the length of the dark zone in these model 
propellants. If mixing occurs between the decomposition products of the oxidizer 
and fuel and the mixture reacts with fast kinetics, then the flame standoff will be 
short, and if the kinetics is slow, the standoff will be tall. By comparing these 
standoffs with the neat material one can judge whether there is any positive dif- 
fusion flame interaction between the ingredients that might lead to a particle size 
control of ballistics. 

Extensive measurements have been made in our laboratory 2,3 ' 811 ' 1219 - 27 of dif- 
fusion flame structures of nitramines (HMX, RDX, TNAZ), ADN, HNF, and AP 
composite sandwich solid propellants. Recent work 3, 19 27 done with AP has shown 
clear diffusion flames that have persisted at elevated pressures and are located close 
enough to the surface to supply significant heat feedback and, thereby, to affect 
burning rates. 

The combination of HMX or TNAZ with AP led to obvious flame interactions 3 : 
The AP decomposition products accelerated the nitramine dark zone kinetics (see 
Fig. 12). Other oxidizers, however, even those that have significant excess oxy- 
gen, did not show such dramatic diffusion flame effects. For example, measure- 
ments were made on ADN/binder sandwiches, and quenched samples are shown 
in Fig. 13. It was observed that the ADN produced a melt and that the binder (even 
energetic binders such as N5, a propellant) retarded the combustion of ADN. 
PLIF imaging of CN radicals clearly showed weak diffusion flames (ADN has no 



HTPB 
110 fim 


Fig. 13 Deradiatively quenched sandwich sample of ADN/HTPB showing clear evi- 
dence of significant melt of ADN; results were for laser-assisted combustion at 2 atm 
in N 2 . 
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C atoms and most of the binders had no N atoms, and so CN must have come 
from interactive chemistry). The diffusion flames were very far from the surface, 
unlike with AP. The NO, oxidizer decomposition products of the ADN gave a tall 
dark zone. The diffusion flames were probably too far from the surface to provide 
significant heat feedback. 

From this work, predictions were made that ADN-based formulations would 
have weak or no diffusion flame interaction between oxidizer and binder and, 
therefore, little or inverse particle size control over ballistic properties. This finding 
was recently corroborated through discussions with Russian scientists who have 
studied many ADN-based propellants. 

Work done in our laboratory 3 showed that HMX clearly has no diffusion flame 
with nonenergetic binders, which is not surprising because HMX and RDX are 
actually slightly fuel rich by themselves. Figure 12 shows examples: Even with 
an energetic binder such as N5, the HMX secondary flame sheet is lifted in the 
diffusive mixing layer, not shortened. In contrast, AP will even oxidize HMX, and 
rapid AP kinetics holds the flame on the interface region. 

Diffusion flames between binder and HNF or AP will be discussed in some 
detail in the following subsections. 

1. HNF Composite Flame Microstructure 

PLIF measurements were made on the diffusion flame structure between HNF 
and various energetic and nonenergetic binders, including HTPB, wax, polyure- 
thane, GAP, and BAMO/NMMO, in sandwich configurations. 11 ' 27 Unlike ADN, 
HNF entirely consumes even nonenergetic binders for low flux laser- supported 
deflagration at 0. 1 MPa. ADN did not even consume energetic binders, at 1 MPa 
(10 atm), for a laser heating flux nearly nine times as large as for the HNF tests. 
Diffusion flames between the HNF and binder were clearly evident in the emission 
and PLIF imaging experiments, and these flames had much lower kinetic standoff 
distances than those seen with ADN sandwiches (Fig. 14). 

The HNF and binder regression rate was highest in the interface region, where 
the diffusion flame heat and chemistry are located. This behavior is understand- 
able: Neat HNF has a relatively hot reactive flame extremely close to the surface, 
whereas ADN has no visible flame. PLIF measurements of CN, NH, and OH were 
undertaken for the various binder combinations and binder length scales. These 
experiments were then extended to elevated pressure to determine if the diffusion 
flames seen are also important at higher pressures. 

It was found that, as with ADN, as the pressure increases the bum rate of the HNF 
increases, and it starts to leave nonenergetic binders behind. For example, even at 



Fig. 14 CN PLIF image of diffusion flame at 1 atm in air between HNF (outer lamina) 
and polyurethane binder (center); PU is 190 pm thick. 
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Fig. 15 CN PLIF from HNF/BAMO sandwiches at 1 atm in air (left) and 5 atm in 
Nj, to the same scale. 


0. 1 MPa the HTPB lamina sticks up above the HNF. At 1 MPa, HTPB lamina of 
200 ftm were recovered only charred. The PLIF images showed weaker diffusion 
flames at elevated pressures, and HTPB decomposition products (as monitored with 
the nonresonant portion of the PLIF signal) seemed to pass through the diffusion 
flame without being totally consumed. In addition, the diffusion flames were much 
farther from the surface than the hot HNF self-deflagration flame, which, as seen 
earlier, is very close to the surface. Therefore, the extra energy from the diffusion 
flame probably does not significantly increase the heat load on the surface. 

When HNF was used with energetic binders, such as BAMO/NMMO, the binder 
was able to keep up with the increasing HNF regression rate at higher pressures, and 
obvious diffusion flames were seen even at elevated pressures. Figure 15 compares 
the flame structure of HNF/BAMO sandwiches at 0.094 and 0.5 1 MPa. Notice 
that, as per diffusion flame theory, the diffusion flame height is approximately 
independent of pressure, whereas the HNF flame height decreases dramatically. 
The diffusion flame height was much taller than the neat HNF flame height. Even 
in this case, therefore, the diffusion flame is probably not bum rate controlling, 
and any particle size controllability of HNF propellant ballistics will probably be 
much weaker than for AP. 

HNF with either RDX or HMX as the outer laminas was also studied. Past 
work 3 showed that ADN somewhat accelerated the HMX dark zone chemistry and 
shortened the HMX secondary flame, whereas AP greatly accelerated it. HNF had 
the same effect on both the RDX and HMX secondary flames and appeared closer 
to AP’s effectiveness than ADN’s. Apparently, the NH* decomposition products 
of ADN and HNF accelerate the slow NO reduction kinetics that are responsible 
for nitramine dark zones. 

2. AP 

Besides the experiments with other oxidizers, such as the HMX mentioned ear- 
lier, experiments of AP with fuels were also conducted. 3, 19,27 Bum rate controlling 
composite propellant diffusion flames were imaged at the microscale in AP-based 
formulations with binder lamina thicknesses down to 18 /rm. PLIF was used to 
measure OH and OH rotational temperature and showed that the hot diffusion flame 
between AP and nonenergetic binders extended very close to the surface in the 
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Fig. 16 OH PLIF signal from AP/PU sandwiches, a) 500 /tm PU, b) 200 /im PU, 
c) blown-up version of Fig. 16b near the surface. 


interface region, even at 0.1 MPa (2000 K at 100 fxm). The measured flame struc- 
ture and temperature followed expected diffusion flame theoretical dependencies 
on binder lamina thickness: the smaller the fuel lamina, the shorter the flame. The 
resulting diffusion flame height and temperature were found to be controlled by 
fuel flow rate (binder lamina thickness or, for differing binder compositions at con- 
stant thickness, binder pyrolysis rate). Binders studied 19 included PU, polyester, 
HTPB, cellulose, BAMO, and GAP. 

Figure 16a shows what happened when too much fuel was used. There are 
several signals annotated in Fig. 16. The central bar centered over the PU lamina 
is soot laser-induced incandescence (LII) and is a quantitative measure of soot 
volume fraction. If the camera is delayed by a few tens of nanoseconds so as to 
discriminate against LIF emission, all that is left in Fig. 1 6a is the central LII signal. 
This LII signal, absent for lamina sizes of 200 gm and below, shows that the higher 
fuel concentration (wider lamina) causes soot breakthrough in the flame. The tiny 
triangle sitting directly on the PU surface is the PLIF signal from PU decomposition 
products: It does not go away when tuning the laser frequency away from the OH 
resonance (tuning off resonance), but does disappear when the camera gate is 
delayed, showing that it is not LII. The dark region between the triangle and soot 
LII is the diffusion flame sheet. The dark region was imaged using a CH and/or 
C 2 PLIF as discussed later. All of the signal to the right of the centerline, that is, 
downstream with respect to the diagnostic laser sheet propagation, was affected 
by absorption in the central soot plume and is spurious. 

The fan signal to the left is OH, verified by tuning off resonance, and emanates 
from the interfacial region. The OH concentration falls off toward the centerline 
because the flame is rich there. Radial OH rotational temperature profiles peak 
slightly off the centerline and decrease as radial distance increases into the leaner 
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Fig. 17a Radial (horizontal) profile of OH rotational temperature taken 4.1 mm 
above the surface of the sandwich for the 500-/zm PU lamina AP sandwich of Fig. 16a. 

portion of the flame or decreases toward the rich side, as seen in Fig. 17a. The 
abscissa in Fig. 17a is the distance out from the AP/PU interface. 

The temperature just beyond 0.5 mm is about 2000 K and rapidly rises to about 
2750 K at larger horizontal distance, where the flame is closer to stoichiometric. 
This is only about 100 K above the maximum adiabatic temperature obtainable 
from AP/PU (2654 K), but the system is not adiabatic; there is extra heat input from 
the CO 2 laser. At larger horizontal distances (larger radial distances if the system 
were cylindrically symmetric instead of planar), the temperature slowly drops as 
the flame gets leaner due to the presence of more AP and less PU decomposition 
products. The temperature drops off to below 1000 K in the leanest part of the 
flame. The temperature here is actually below the adiabatic flame temperature of 
AP due to heat loss and mixing of external cold air. The temperature above the AP 
away from the binder was found to be above the adiabatic AP flame temperature 
(1690 vs 1377 K). This higher temperature could be due to the extra energy from 
the laser heating flux, heat transfer from the nearby hot diffusion flame, or long 
distance mass diffusion of a small amount of fuel into the region, which, when 
reacting with the AP products, would add substantial energy. 

Figure 1 6b shows a quantitative OH radical PLIF image for a 200- /zm PU lam- 
ina during laser-supported deflagration at 0.094 MPa. OH is both a flame radical 
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Fig. 17b Axial (vertical) slice profile of OH rotational temperature for AP/200-jrm 
PU/AP sandwich flame. 





OPTICAL DIAGNOSTICS OF FLAME STRUCTURES 


Next Page 


399 


200 Micron Polyurethane 



Fig. 17c Radial (horizontal) OH rotational temperature profile taken at 4.1 mm above 
the surface for the AP/(200-^tm PU)/AP sandwich. 


and a product, and its concentration typically peaks on the downstream side of 
the flamesheet. Even so, the PLIF images show the flame very close to the surface. 
Analysis of the OH rotational temperature showed that the hot diffusion flame 
is already 2000 K only 100 /cm from the surface near the binder-AP interface 
(enlargement in Fig. 16c). If this flame standoff is kinetically controlled, then at 
realistic rocket motor pressures (7 MPa) it would be on the order of only one-tenth 
of 1 fim or 100 nm. It is clear that such a hot diffusion flame so close to the interfa- 
cial region would be bum rate controlling and that this is the reason AP composite 
propellants have such a strong burning rate AP particle size correlation. 

Figure 16b shows that for a thinner lamina the flame is shorter and the soot 
does not break through (no soot LII signal is seen). The OH closes over the binder 
lamina, and the peak temperature in this region is 2510 K (slightly below the 
maximum adiabatic AP/PU adiabatic flame temperature of 2654 K). Figure 17b 
shows the remarkably constant nature of the centerline axial temperature profile 
for this case. Figure 17c shows a radial, that is, horizontal, temperature profile 
slice taken at a height of 4.1 mm from the sandwich surface. The abscissa in 
Fig. 17c is distance from the centerline of the binder lamina, not distance from 
the interface region. The center of the flame is at a constant temperature (no drop 
toward the centerline as in Fig. 16a). The OH concentration found in this region 
(about 1% mole fraction) is below the thermodynamically calculated adiabatic 
OH concentration of 2.4%. There are two possible explanations for this. First, the 
temperature is below adiabatic and so the OH concentration would be expected to 
drop. Second, the OH concentration was calculated by comparison of OH radical 
PLIF signal strengths with a known OH signal level in an RDX flame. This could 
be inaccurate for these AP sandwiches because the quenching rate for OH could 
be substantially higher in AP flames (with high concentrations of polar molecules 
such as HC1) than in RDX flames. Although the transition is saturated the higher 
quenching rate could lower the apparent OH concentration. Note in Figs. 16a and 
16b, and the corresponding Figs. 17a and 17b that in the outside regions of the 
flame the OH signal drops and the temperature drops to below 1300 K. 

Thinner fuel lamina produced shorter, and at the thinnest dimensions, cooler 
diffusion flames. For the thin lamina, the contour OH radical PLIF signal around 
the outside edge of the flame extended down to the AP surface and was nascent OH 
from the AP self-deflagration. The temperature for this region (1690 K, measured 
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Chapter 2.6 


Thermal Decomposition and Combustion of 
GAP/AN/Nitrate Ester Propellants 


Xiao-Bin Zhao,* Lin-Fa Hou,t and Xiao-Ping Zhang + 

Red-Star Institute of Chemistry, Xiangfen, Hubei, People’s Republic of China 


Nomenclature 

E = apparent activation energy 
H = heat release 

K = rate constant 

T p - peak temperature 
Z = preexponential factor 
f = heating rate 


I. Introduction 

H IGH energy, low signal, low vulnerability, and low pollution are the current 
trends in the development of solid propellants. 1 - 2 Ammonium perchlorate 
( AP)/hydroxy terminated polybutadiene (HTPB) propellants, in spite of their broad 
applications, give rise to toxic hydrogen chloride as part of the combustion products 
and as such do not meet the requirement of low emission and low pollution. Nitrate 
ester plasticized polyether (NEPE) propellants and nitramine [cyclotetramethy- 
lene tetranitramine (HMX), cyclotrimethylene trinitramine (RDX)] propellants 
have attained the goal of high energy and reduced smoke or smokelessness, but 
they have a danger of explosion under intense impact and their safety level is 
unsatisfactory. 

Glycidyl azide polymer (GAP) is a novel energetic binder with positive forma- 
tion heat (957 kJ/mol) and higher density (1.3 g/cm 3 ). Ammonium nitrate (AN), 
once applied in the first generation of composite solid propellants, has a series of 
advantages, such as insensitivity, low signal, easy availability, and low environ- 
mental impact. The development of phase stabilized AN has solved the crystal 
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transformation problem and avoids volume change resulting from storage temper- 
ature. GAP/ AN propellant has potential value as a low-cost and low-signal propel- 
lant for the next century. Researchers in many countries have investigated GAP/ AN 
propellant, and there has been great progress in many respects. Lessard 3 studied 
GAP/ AN propellants plasticized with bisdinitro propylformal/acetal (BDNPF/A). 3 
The burning rate is 5.2 mm/s at 6.89 MPa and the pressure exponent is 0.63 in the 
pressure range of 6.89-27.56 MPa. The formulation, including a ballistic modifier, 
shows a burning rate of 8 mm/s and a pressure exponent of around 0.5. Oyumi 
studied GAP/AN/nitrocellulose (NC)/trimethylolethane trinitrate (TMETN) low- 
signal propellants. 4 NC can provide a high burning rate and low-pressure exponent 
(about 0.5). CuC and B are very effective as ballistic modifiers, and the combined 
catalysts are not effective in increasing the burning rate but are effective in decreas- 
ing the pressure exponent. Menke 5 and Weister 6 investigated the burning-rate char- 
acteristics and flame structure of GAP/AN propellants containing different phase 
stabilizers. The molybdenum/vanadium oxides (MOVO) catalyst proves to be ef- 
fective for GAP/ AN formulations; the burning rate is 7-8 mm/s at 7 MPa and the 
pressure exponent is 0.50-0.58 (2-20 MPa). 

Although GAP/ AN propellants have been studied widely, the disadvantages of 
low burning rate and high-pressure exponent have not yet been resolved, and they 
become prominent with the introduction of nitrate ester plasticizers. The object 
of this work is to elucidate the essence of the low burning rate and high-pressure 
exponent of GAP/ AN propellants by means of thermal analysis and modem com- 
bustion diagnosis techniques. GAP/ AN propellants combined with large doses of 
nitrate ester plasticizer 1,2,4-butanetriol trinitrate (BTTN), nitroglycerine (NG) 
were found to achieve a specific impulse of 250 s (70:1, 5%A1) and have good 
combustion properties with burning-rate modifier transition metal oxide (MO). 


II. Experimental Methods 

Differential scanning calorimetry and thermogravimetry (TG) experiments were 
carried out using DSC910S and TGA2950 analyzers. Samples weighing about 
1 mg were heated from 30 to 1000°C at a varied heating rate from 5 to 40°C/min 
in a nitrogen atmosphere. In the TG experiments, two kinds of sample cells made 
of aluminum and aluminum oxide were used for tests below and above 500° C, 
respectively. The mass ratio of GAP to mixed nitrate ester (NG/BTTN) (MNE) is 
1:2 in the mixtures including GAP and MNE, and the mass fraction of MO is 0.1 
in all mixtures including MO. 

The compositions of the GAP/ AN propellants are listed in Table 1. Phase stabi- 
lized ammonium nitrate (PS AN) containing 3.0% NiO is used as phase stabilizer. 
The molecular weight of GAP is about 3000, and MO is the burning-rate modifier. 
Propellant ingredients were mixed in a vertical planetary mixer under vacuum 
and cured at 50°C for five days. Samples of 4 x 4 x 100 mm were prepared for 
GAP/MNE/AN propellants. The burning rate of propellants was measured in the 
pressure range of 2.94—8.83 MPa by means of sound emission methods in a nitro- 
gen atmosphere. The burning-rate pressure exponent was calculated with Vielie’s 
equation (see Ref. 7). 

Propellant samples were installed on the ignition shelf of a transparent combus- 
tion chamber with four-way optical access, which was pressurized with nitrogen 
to a certain pressure. The samples were ignited from the top with Ni-Cr alloy wire 



THERMAL DECOMPOSITION AND COMBUSTION 


415 


Table 1 Formulations of GAP/AN propellant 
(by weight) 


Number 

GAP 

PSAN 

BG 

A1 

AP 

MO 

ZXB-52 

25.0 

70.0 

0.0 

5.0 

0 

0 

ZXB-54 

8.30 

70.0 

16.7 

5.0 

0 

0 

ZXB-88 

10.0 

65.0 

20.0 

5.0 

0 

0 

ZXB-91 

10.0 

35.0 

20.0 

5.0 

30 

0 

ZXB-106 

15.0 

65.0 

15.0 

5.0 

0 

0 

ZXB-110 

15.0 

61.0 

15.0 

5.0 

0 

4.0 


by 20-V direct current. An oscilloscope was used to record the output signal of the 
thermocouple, which can be converted to the temperature profile of the combustion 
wave. The flame structure was photographed by a camera. Experimental methods 
are discussed in detail in a previous publication. 8 


III. Discussion of Results 
A. Thermal Decomposition of AN and MNE 

The DSC experiment results, such as peak temperature of decomposition and 
heat release derived from the DSC curves in which temperature and heat vary 
with time at different pressures, are listed in Table 2. The decomposition of AN is 
endothermic at 0.1 MPa and transforms to exothermic with an increase in pressure 
because of the thermal decomposition characteristics of AN. The decomposition 
mechanisms of AN have been investigated widely. It is generally agreed that ther- 
mal decomposition is initiated by proton transfer. 9, 10 Ionic reaction and free radical 
reaction mechanisms have recently been advocated. 11,12 Many possible mecha- 
nisms arise because the thermolysis of AN depends greatly on the experimental 
conditions, including pressure, temperature, state of confinement, and heating rate. 

The authors are inclined to favor the proton transfer mechanism of AN decom- 
position. According to the proton transfer mechanism, AN first decomposes to 
form nitric acid and ammonia, which are adsorbed on the surface of AN crystal. 
Subsequently, ammonia and nitric acid desorb from the surface and enter the gas 


Table 2 Thermal decomposition behaviors of ingredients (10°C/min) 


Sample 

0.1 MPa 

3 MPa 

7 MPa 

T p , °C 

H, J/g 

O 

o 

H. J/g 

T p , °C 

H, J/g 

GAP 

248.4 

2696 

251.8 

2948 

255.9 

2600 

GAP/MO 

230.3 

2322 

230.8 

2664 

230.8 

2308 

GAP/MNE 

203.07233. 3 b 

1789 

204.9/220.1 

2541 

204.2/220.8 

3934 

GAP/MNE/MO 202.87217.9 b 

2662 

203.6/218.6 

2211 

203.0/218.9 

3823 

PSAN 

260.7 

-1395 

323.2 

746 

323.0 

1795 

PS AN/MO 

234.6 

1018 

331.2 

3563 

314.3 

4942 


a Peak temperature of MNE. h Peak temperature of GAP. 
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phase at a rate attributed to the ambient pressure. 9 Ammonia and nitric acid readily 
desorb and diffuse to the gas phase at low pressure, and the gas products that take 
further part in the chemical reaction are very minute, so that the heat release can 
be omitted. The chemical reactions are secondary, and the dissociation of AN is 
dominant. Simultaneously, solid-state AN sublimates to form gas-state AN. 

Both the sublimation and the dissociation require a large amount of heat, which 
leads to the endothermic nature of AN decomposition at low pressure. The ad- 
sorption of ammonia and nitric acid on the surface of AN crystal is a physical 
adsorption, and the adsorption content is related to temperature and pressure ac- 
cording to the adsorption law. At a given temperature, the adsorption content will 
be increased as pressure increases until an adsorption balance is set up and the 
adsorption content is equal to the desorption content at any time. The products 
of the desorption from the AN crystal surface diffuse to the gas phase, but the 
diffusion rate is very slow at high pressure. Most of the products desorbed stay 
near the surface of AN crystal, so that the concentration of gas products will be 
increased near the AN crystal surface as pressure increases. Nitric acid is not stable 
and readily decomposes to form nitrogen oxides that can react with ammonia to 
release significant heat, which in turn leads to the exothermic chemical reaction at 
high pressure. The heat release is increased drastically with pressure increases. 

Pressure also intensely influences the heat release of MNE decomposition, but 
the peak temperature remains almost unchanged (Table 2). The heat release of 
GAP/MNE mixtures at 7 MPa is nearly twice that at 3 MPa. However, the mass 
fraction of GAP is only 0.33 in the GAP/MNE mixtures, and the heat release of 
GAP is almost the same at different pressures, that is, the heat release of MNE 
decomposition increases significantly with pressure. This result can be explained 
by the different decomposition mechanisms of MNE. A little MNE decomposes at 
low pressure and decomposition progresses slowly with a unimolecular reaction; a 
large amount of MNE volatilizes, which leads to the endothermic nature of MNE 
decomposition at low pressure. There is a big endothermic peak in the DSC curve 
for pure MNE at 0.1 MPa (Ref. 7). At high pressure, however, the decomposition 
products have full contact with MNE, and the decomposition mechanism trans- 
forms from a unimolecular reaction to an autocatalytic reaction. The decomposition 
products, such as NO 2 , have a strong autocatalytic effect on the decomposition of 
MNE, the decomposition rate increases violently, and the heat release increases 
drastically. 13 Thus, the heat release increase of MNE decomposition is more sensi- 
tive to pressure at high pressure. MNE has a negative contribution to the burning- 
rate increase at low pressure (<5 MPa), but at high pressure (>5 MPa) it has a 
significant contribution to the burning-rate increase, according to the burning-rate 
data, which results in an increase of the pressure exponent to a certain extent. It is 
almost certain that the pressure exponent of the propellant will rise significantly 
with the introduction of nitrate ester MNE, according to our results. Therefore, 
the propellant should involve the least possible nitrate ester to meet the energy 
requirements, or it will be difficult to decrease the burning-rate pressure exponent. 


B. Thermal Decomposition Kinetics of GAP and PSAN 

Thermal decomposition kinetics of GAP and PSAN were studied by means of 
differential thermogravimetric data at different heating rates. A plot of L,(f}/Tp) 
vs 1 /T p was made, according to the Kissinger equation (see Ref. 14). Through a 
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Table 3 Thermal decomposition kinetics of GAP and PSAN 


Parameters 

GAP 

GAP/MO 

PSAN 

PSAN/MO 

Heating rate, °C/min 

5 

505.40 

485.53 

497.70 

462.27 

10 

513.92 

495.52 

510.17 

467.85 

20 

524.11 

505.96 

521.50 

472.94 

30 

531.90 

514.72 

527.31 

477.12 

40 

543.48 

524.13 

532.39 

491.60 

E, kJ/mol 

117.99 3 

108.78 

124.54 

124.61 


120.37 b 

111.42 

126.43 

125.63 

Z, min" 1 x 10 12 

0.5082 

0.1515 

3.4130 

58.480 

K, min” 1 (500 k) 

0.2392 

0.6543 

0.3328 

5.6000 


a Kissinger’s method. b Ozawa’s method. 


curve fit, the activation energy E and preexponential factor Z can be calculated, and 
the rate constant K can be obtained from the Arrhenius equation. The activation 
energies were also calculated according to Ozawa’s method, which are a little 
greater than those derived from Kissinger’s method and in agreement with Ref. 7. 
The thermal decomposition kinetics parameters of GAP and PSAN are given in 
Table 3. The activation energy of GAP is relatively lower than the values in the 
literature, but the reason for this is still unknown at present. The decomposition rate 
of PSAN at 500 K increased 15.7 times with the burning-rate modifier MO and 1.7 
times for GAP. The activation energy of PSAN decomposition remains unchanged, 
indicating that the decomposition mechanism of PS AN with or without the burning- 
rate modifier MO is the same. The increase in the preexponential factor reveals an 
increase in the collision probability, which leads to a decomposition rate increase 
for AN. The burning-rate modifier MO mainly catalyzed the decomposition of AN 
in the combustion of GAP/ AN propellants, according to the kinetics results. The 
mechanism by which MO acts will be more fully considered hereafter. 

C. Mechanism of MO Catalyzing Decomposition of AN 

The decomposition rates of GAP and PSAN at 500 K are increased 1 .7 and 15.7 
times, respectively, by the addition of the burning-rate modifier MO. Furthermore, 
the decomposition of PSAN changes from endothermic to exothermic at 0. 1 MPa, 
and the heat release of PSAN is increased significantly as compared with PSAN 
without MO, especially at low pressure. The thermal decomposition of PSAN, AN, 
PS AN/MO, and AN/MO were studied by means of TG experiments to explore the 
mechanism by which MO acts. In the TG experiments, thermal decomposition of 
PSAN was found to have two stages, and the weight loss of the second stage, as 
calculated from the initial and final weight fractions, is the same as that of nitrate 
nickel when it decomposes to form NiO. Therefore, it is thought that the second- 
stage weight loss of PSAN may be attributed to the decomposition of nitrate nickel, 
that is, NiO reacts with other products to form nitrate nickel in the decomposition 
of PSAN. The thermal decomposition of PSAN/MO mixtures has three stages, 
indicating that MO causes a third weight loss. MO, however, is metal oxide and 
does not lose weight itself, so that it may be that MO reacts with the decomposition 
products of PSAN and forms a new substance that decomposes again, leading to a 
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third-stage weight loss. Decomposition of common AN has only one stage, and the 
weight loss is almost 100%, which demonstrates that the second-stage weight loss 
of PS AN is due to the decomposition of nitrate nickel. Thermal decomposition of 
AN/MO mixtures has two stages, so that we can conclude that the second-stage 
decomposition of AN/MO is initiated by MO. There are surely chemical reactions 
between NiO or MO and AN, according to the results of TG experiments, and 
perhaps the chemical reactions of MO and AN promote the decomposition of AN. 

AN first decomposes to form nitric acid and ammonia, on the basis of the proton 
transfer mechanism, and then nitric acid further decomposes to form nitrogen 
oxides. The two reactions are reversible, that is, AN and nitric acid can be reformed 
by the decomposition products. Nitrate nickel is formed in the decomposition of 
PSAN, and it is thought that the phase stabilizer NiO reacts with nitric acid. 
MO is also a metal oxide, and it is possible that MO reacts with nitric acid in 
the decomposition of AN. The weight loss of all stages of PSAN or AN were 
calculated, and the values calculated are close to theoretical values, which reveals 
that MO has the same reaction mechanism as NiO. Thus, the buming-rate modifier 
MO first reacts with nitric acid to form nitrate salt, and then nitrate salt decomposes 
to form a metal oxide, which promotes the proton transfer reaction and increases 
the decomposition rate of AN. The mechanism of MO’s actions is represented by 
reactions (1-4). According to these mechanisms, MO promotes the proton transfer 
reaction of AN and consequently increases the burning rate of GAP/ AN propellant: 


NH 4 N0 3 (s) HN0 3 + NH 3 (adsorbed) ( 1 ) 

2HN0 3 2N0 2 + H 2 0 + 1 /20 2 (2) 

MO + 2HN0 3 -» M(N0 3 ) 2 + H 2 0 (3) 

M(N0 3 ) 2 -> MO + 2N0 2 + 1/202 (4) 


D. Temperature Profile of Combustion Wave 

The temperature profile of the combustion wave is an important indicator of 
the combustion mechanism of the propellant. The buming-rate pressure exponent 
of GAP/ AN propellant rose drastically from 0.69 to 0.91 with the introduction 
of 16.7% MNE substituting for GAP, 8 and so it was thought that there should be 
a significant difference for the two temperature profiles of the combustion wave. 
The results indicate that there is a dark zone (isothermic zone) in the combustion 
wave of GAP/ AN propellant (Fig. 1), and the thickness of the dark zone increases 
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Fig. 1 


Temperature profile of combustion wave of ZXB-52 (5 MPa). 
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Fig. 2 Temperature profile of combustion wave of ZXB-54 (5 MPa). 


significantly with the introduction of MNE for GAP/MNE/AN propellant (Fig. 2). 
This indicates that the mechanism by which the dark zone is enhanced is related to 
the introduction of MNE. The burning rate was decreased and the pressure exponent 
was increased due to the enhancement of the dark zone. For instance, the burning 
rate and pressure exponent of GAP/ AN propellant is 2.99 mm/s (5 MPa) and 0.69 
(2.94—8.83 MPa), respectively. They are 2.83 mm/s and 0.91 for GAP/MNE/AN 
propellant under the same conditions. The relationship between the thickness of 
the dark zone and the burning-rate characteristics of GAP/AN propellant is listed 
in Table 4; the thinner the dark zone, the higher the burning rate, and the lower 
the pressure exponent. The dark zone disappears for GAP/MNE/AN propellant 
including 30% AP, and it has the highest burning rate and the lowest pressure 
exponent among the four formulations. 8 The presence and the thickness of the 
dark zone are the major factors of influence on the burning-rate characteristics of 
GAP/MNE/AN propellants. The heat feedback of the gas phase to the burning sur- 
face is inhibited due to the presence of the dark zone, and the thickness of the dark 
zone is closely related to pressure. The dark zone becomes thinner as the pressure 
increases, which increases the heat feedback of gas phase to the burning surface, 
and the burning rate is increased. Thus, we can improve the combustion proper- 
ties of GAP/MNE/AN propellant through regulation of the thickness of the dark 
zone. 


E. Flame Structure 

Flame structure is another important indicator of the combustion mechanisms. 
The length and intensity of the flame, the dark zone and its thickness, and the 


Table 4 Relationship between thickness of the dark zone 
and burning rate characteristics 


Characteristic 


Sample 


ZXB-52 

ZXB-54 

ZXB-88 

ZXB-91 

Dark zone thickness, yum 

22.4 

39.5 

31.0 

0 

Burning rate, mm/s (5 MPa) 

2.99 

2.83 

2.30 

5.47 

Pressure exponent (2.94-8.83 MPa) 

0.69 

0.91 

0.88 

0.63 






420 


X.-B. ZHAO ET AL. 



Fig. 3 Flame structure of ZXB-106 (5 MPa). 

morphology of the burning surface can be observed from the flame pictures. This is 
a more direct method of studying the combustion mechanisms of the propellant than 
temperature profiles of the combustion wave. Figure 3 shows the flame structure of 
GAP/MNE/AN propellant without any burning-rate modifier. Aluminum particles 
splash in all directions, and the propellant combusts unstably. The flame is not 
continuous and not extremely regular, and the length is shorter. There are also 
some large granular lumps in the flame, indicating that the propellant does not 
combust fully. The igniter wire was not melted, and plenty of smoke was observed 
around the flame. There is partial quenching on the combustion surface, which 
was also found in the static burning-rate testing. Owing to the low combustion 
temperature and slow decomposition reaction rate of the condensed phase, there is 
not enough combustive gas mixture to form a gas-phase flame, which results in a 
partial quenching phenomenon. The phenomenon is called oscillatory combustion, 
and during the process, the equilibrium of gas content consumed and produced is 
destroyed. 15 A dark zone is not observed, due to the unstable combustion in the 
flame structure of GAP/MNE/AN propellant, but there should be a very thick dark 
zone according to the temperature profile of the combustion wave. The burning rate 
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Fig. 4 Flame structure of ZXB-110 (5 MPa). 


of GAP/MNE/AN propellant is 4.45 mm/s at 6.86 MPa and the pressure exponent 
is 0.88 in the pressure range of 2.94-8.83 MPa, respectively. 

The flame structure in Fig. 4 is significantly different from that in Fig. 3 . In Fig. 4 
the flame length increases, and there is no partial quenching. The GAP/MNE/AN 
propellants containing MO combust stably, and the flame leaves the burning sur- 
face to form a distinct dark zone. The flame is very bright, and the igniter wire is 
melted; the splash of the aluminum is not observed. The burning-rate modifier MO 
eliminated the oscillatory combustion phenomenon, the combustion efficiency of 
aluminum particles was increased, and propellant combusted fully. It improves the 
energy release of the propellant. There is a melt layer under the dark zone that is 
composed of AN and melted aluminum particles, indicating that the temperature of 
the burning surface is rising. Dong and Wang found that the near-surface tempera- 
ture gradient has a strong effect on the burning-rate characteristics of propellants. 16 
As the temperature gradient in the near-surface zone rises, the burning rate of the 
propellant will be increased significantly. In the meantime, the sensitivities of 
the burning rate to pressure will be decreased, which leads to a decrease in the 
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Table 5 Heat release of PSAN and PSAN/MO 
at different pressures, J/g 


Sample 

0.1 MPa 

1 MPa 

3 MPa 

5 MPa 

7 MPa 

PSAN 

-1395 

296 

746 

1391 

1795 

PSAN/MO 

1018 

1927 

3563 

4040 

4942 

(PSAN/MO-PSAN)/ 

PSAN 


5.51 

3.78 

1.90 

1.75 


burning-rate pressure exponent. Dong and Wang had already proven this by means 
of simulating heat source experiments. We already know that the burning-rate 
modifier MO speeds up mainly the decomposition of AN in the combustion of 
GAP/MNE/AN propellant. In the presence of MO, the severe exothermic nature 
of AN increases the temperature of the burning surface and decreases the thick- 
ness of the dark zone, which results in a burning rate increase. It is in accordance 
with the increase in heat release of AN/MO mixtures at different pressures that the 
heat release of AN/MO mixtures is far bigger than that of AN at a given pressure 
(Table 5). The proportional increase is different, however, with a greater increase at 
low pressure than at high pressure. The heat release increase at low pressure makes 
a greater contribution to the burning-rate increase than that at high pressure. The 
enhancement of the burning rate at low pressure is far greater than that at high pres- 
sure because the buming-rate modifier MO intensely influences the decomposition 
of AN at low pressure, and, therefore, the buming-rate pressure exponent is de- 
creased. The burning rate and the pressure exponent of GAP/MNE/AN propellants 
are 12.7 mm/s (6.86 MPa) and 0.60 (2.94-8.83 MPa), respectively. 

F. Correlation of Thermal Decomposition and 
Burning-Rate Characteristics 

In selecting the effective buming-rate modifier by means of thermal analysis, it 
was found that the burning rates of propellants were closely related to the exother- 
mic peak temperature of AN. To some extent, the lower the exothermic peak 
temperature of AN is, the higher the burning rate of GAP/MNE/AN propellants. 
The burning rates of GAP/MNE/AN propellants, including different modifiers, vs 



thermal decomposition temperature, °C 

Fig. 5 Relation of AN exothermic peak temperature and burning rate of GAP/ 
MNE/AN propellants. 
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Fig. 6 Influence of MO content on burning rate of GAP/MNE/AN propellants. 

the exothermic peak temperature of AN containing the same modifiers are plotted 
in Fig. 5. The plot shows a good linear curve, indicating that the burning rate of 
GAP/MNE/AN propellant is closely correlated with the exothermic peak tempera- 
ture of AN. It is determined by the AN contents and characteristics. AN is the main 
ingredient of GAP/AN propellant and the mass fraction is 0.7 or bigger, and so the 
burning-rate characteristics of GAP/ AN propellant are largely determined by AN. 
AN’s endotherm of crystal transformation and melt leads to a low burning rate 
of GAP/ AN propellant. There is a degradation of 54° C in the differential thermal 
analysis curve for the exothermic peak temperature of AN containing MO, which 
is also most effective at increasing the burning rate of GAP/MNE/AN propellants. 
The change in exothermic peak temperature of a major ingredient before and after 
adding the modifier as determined by thermal analysis is used as a criterion for 
selecting an effective burning-rate modifier. 

The influence of MO content on the burning rate of GAP/ MNE/AN propellants 
is shown in Fig. 6. MO not only increased the burning rate drastically, but also 
decreased the pressure exponent of GAP/MNE/AN propellants from 0.88 to 0.60. 


IV. Conclusions 

The decomposition of AN and MNE is sensitive to pressure, which leads to a 
high buming-rate pressure exponent for GAP/ MNE/AN propellants. The burning- 
rate modifier MO can intensely influence the decomposition of AN at low pressure 
and has some effect on GAP, but does not affect MNE. 

There is a dark zone in the combustion wave structure that can significantly influ- 
ence the burning rate characteristics of GAP/MNE/AN propellants. The thickness 
of the dark zone is increased with an increase in MNE content. The dark zone does 
not help increase the burning rate, nor does it decrease the pressure exponent. 

The buming-rate modifier MO promotes the decomposition of the condensed 
phase and increases the heat release of AN while decreasing the thickness of the 
dark zone and enhancing the heat feedback of the gas phase to the burning surface, 
which in turn raises the burning rate and decreases the pressure exponent. 

The exothermic decomposition peak temperature of AN is closely related to 
the burning rate of GAP/MNE/AN propellants. The lower the exothermic peak 
temperature of AN, the higher the burning rate of the propellants, and so the 
exothermic temperature may serve as a criterion for selecting effective buming- 
rate modifiers for GAP/MNE/AN propellants. 
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Chapter 2.7 


Thermal Decomposition of Potassium 
Dinitramide at Elevated Pressure 

Cuimei Yin,* * Ziru Liu,* Yanghui Kong,* Fengqi Zhao,* Yuan Wang,* 

Ming Lei,* Yang Luo,* Pei Zhang,* Yinghui Shao,* and Shangwen Li* 1 
Xi’an Modem Chemistry Research Institute, Xi’an, People’s Republic of China 


Nomenclature 

A\ , A 2 = preexponent factor of Arrhenius equation for decomposition 
of potassium dinitramide (KDN), 1/s 
Eb = K + electron-binding energy, eV 

E\, Ei = apparent activation energy for decomposition of KDN, kJ/mol 

K = rate constant, 1/s 

15 N = labeled atom of nitrogen 

r = correlative coefficient 

T m i , T „2 = decomposition temperature of KDN, °C 

A Hi = decomposition enthalpy of liquid KDN, J/g 

AH S = decomposition enthalpy of solid KDN, J/g 

f = heating rate, °C/min 


I. Introduction 

D INITRAMIDE salts, M + N(N02)2 . are a relatively new kind of stabilized en- 
ergetic inorganic salt compound, including ammonium dinitramide NH4 N 
(N0 2 ) 2 and potassium dinitramide KN(N0 2 ) 2 , which have high oxygen content 
and free chlorine and stable oxidizers and are considered as potential replace- 
ments for ammonium perchlorate (AP) and ammonium nitrate (AN) in propel- 
lants. Ammonium dinitramide (ADN) and potassium dinitramide (KDN) would 
significantly improve the energy density and reduce the signature characteristics of 
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propellants and would decrease pollution of the environment, so they were known 
as the candidate oxidizers for the next-generation low-signature characteristic 
propellant. Propellants containing ADN have been used in various missile sys- 
tems in Russia. 

Many of the thermal behaviors of ADN have been reported in recent years. 
The melting point of ADN is 91.5°C, and the melting process is accompanied by 
thermal decomposition. Lobbecke et al . 1 have investigated the additive stabilizers 
that could restrain the decomposition of ADN under low temperatures to improve 
its stability. Hexamethylenamine, 2-nitrodiphenylamine, and methyldiphenylurea 
(akardit) are efficient stabilizers for ADN. ADN produces different decomposition 
products under various pressures . 2 Manelis 3 found the characteristics of “abnor- 
mal decomposition” of solid ADN. The decomposition rate of dried ADN (water 
content 0.05%) was found to be 1000 times that of ADN containing moisture 
(water content 0.4%). Russell et al . 4 discovered reversible phase transition at high 
pressure, from a-ADN to /(-ADN in about 2.0 ± 0.2 Gpa, and found that ADN 
could decompose through two different pathways. The first pathway is the molec- 
ular rearrangement reaction, which forms AN and N 2 0 at low temperatures. The 
high-temperature decomposition of ADN begins with the cleavage of the N-N 
bond and produces primarily NOj. Brill et al . 5 suggested that dissociation and 
sublimation to ammonia (NH 3 ) and dinitraminic acid were one of the main steps 
of ADN decomposition. Weiser et al . 6 reported that the burning rate of ADN 
propellant with an energetic binder was higher than that of AP propellant. Great 
attention has been paid to ADN as a new energetic oxidizer in many countries. 

When the propellants with the low-signature characteristics, low sensitivity, and 
no contamination were studied, AN had great potential as an oxidizer. However, 
its disadvantageous phase transition IV — >111 and greater hygroscopicity limited 
its application. Although KNO 3 , NiO, and CuO, for example, restrain the phase 
transition 1V-»III of AN, they decrease the propellant energy by different amounts 
and pollute the environment. KDN was found to be a new class of energetic phase 
stabilizer. Its good properties have awakened great interest. KDN and ADN have 
a similar structure, but KDN is more stable. AN phase stabilized by energetic 
KDN exhibited unexpected useful properties , 7 such as a high burning rate and a 
lower pressure exponent. The decomposition mechanisms of the solid and liquid 
states of KDN were proposed , 8,9 but many of the thermal behaviors of KDN 
have not been reported, especially for elevated pressure. To better understand the 
combustion mechanisms of KDN, it was very important to determine the thermal 
decomposition mechanism and primary thermal decomposition stage of KDN, 
as well as kinetic parameters of these processes under conditions very close to 
the combustion regime. In this chapter, the thermal decomposition behaviors and 
mechanisms of KDN are reported for elevated pressures. 


II. Experimental Techniques 

Two types of KDN samples were synthesized in our institute and recrystal- 
lized by methanol with water: sample A, not entirely dried KDN, its melting point 
130.9°C, and sample B, entirely dried KDN in vacuum oven. High-pressure ther- 
mal decomposition behaviors of KDN were investigated using a TA 910 pressure 
differential scanning calorimeter (PDSC) at 0. 1 , 3, and 7 MPa filled with nitrogen. 
Mass loss tests of KDN were performed by a TA 2950 thermogravimetric analyzer 
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(TGA) in nitrogen with a flow rate of 40 ml/min. All experiments were performed 
at a linear heating rate of 10°C/min, with sample mass of 2 -4 mg on an aluminum 
pan. In addition, the thermal decompositions of KDN were studied by PDSC at 

0. 1 and 6 MPa and heating rates of 5, 10, 20, and 30°C/min, and the kinetic para- 
meters of thermal decomposition for KDN were calculated. An x-ray photoelec- 
tron spectroscope, model PE PHI-5400, with Mg target in vacuum 3 x 10~ 3 Pa, 
was used to study the structure and characterize the surface of various KDN sam- 
ples. A Nicolet 60 SXR Fourier transform infrared spectroscope scanning at 18 
spectra per min and a cell heating at the rate of 20°C/min were used to follow the 
thermal decomposition processes of KDN in real time. 

III. Results and Discussion 
A. Decomposition of Solid KDN 

1. Effects of Pressure and Moisture on Decomposition of Solid KDN 

In contrast with molten KDN, solid KDN decomposed easily. 10 Processes of the 
solid-state decomposition and liquifying of KDN were observed by a microscope 
with a heat stage. The KDN crystal began to crack (decompose partially) when 
heated to 90°C, and at 97°C the crystal changed from transparent to opaque because 
of the formation of the decomposition product KN0 3 , which was absorbed on the 
crystal surface. The solid KDN began to liquify partially at 108°C, and produced a 
small gas bubble. The liquifying KDN became transparent at 1 30°C, and its rate of 
decomposition did not increase until 150°C. This result illustrates that the liquified 
KDN is more stable. The quantity of gas bubbles increased above 160°C, and the 
decomposition of liquified KDN began. 

The decomposition of solid KDN is very complex, and stored time, grain size, 
and refinement of KDN may affect its decomposition. In contrast with KDN con- 
taining moisture, dried KDN, like ADN, 3 decomposes very easily. This is known 
as “abnormal decomposition” of the solid KDN. In Fig. 1, the dotted lines are the 
curves of TGA and differential scanning calorimeter (DSC) of KDN containing 
moisture (sample A), and the solid lines are those of dried KDN (sample B). On 
the DSC curve of sample A, there is a melting endothermic peak at 130.9°C, and 
before melt a level straight basis line shows that the decomposition exothermic 
peak does not occur for solid KDN. The curve corresponding to TGA demon- 
strates that mass loss of the decomposition of the solid state was very small. For 



< 
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Fig. 1 TGA and DSC curves for KDN at 0. 1 MPa: , sample A and , sample B. 
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Table la Results of DSC for KDN (sample B) at various pressures: solid state 


Pressure, 

MPa 

Decomposition 
peak, °C 

Decomposition 
enthalpy AHs, J/g 

Eutectic 
peak, °C 

Liquifying 
peak, °C 

0.1 

91.1 

53.1 

108.4 

118.4 

3 

90.0 

13.0 

107.8 

122.1 

7 

93.7 

5.3 

108.4 

127.1 


dried KDN, there is an apparent exothermic peak at about 91°C prior to the two 
endothermic peaks (the eutectic and liquifying peaks) on the DSC curve of sample 
B, and an apparent mass loss (about 4%) on its TGA curve. This characteristic 
of “abnormal decomposition” is very important in the manufacturing and storing 
process for KDN. 

At high pressures, the thermal decomposition for the solid KDN is restrained. 
In Fig. 2, the DSC curve of KDN shows that the exothermic decomposition peak at 
about 90° C contracts gradually as the pressure increases. At 7 MPa, it goes flat. It 
is clear from the data in Table la that the decomposition enthalpy AHs of the solid 
KDN decreases gradually. For example, AHs is equal to 53.1 J/g at 0.1 MPa, but 
5.3 J/g at 7 MPa. The larger the pressure, the slower the decomposition of the solid 
KDN. It is evident that high pressure can improve the stability of the solid KDN. 
The influence of pressure on the decomposition of solid KDN can be interpreted 
by the following mechanism. The solid KDN decomposes to form N 2 O and KNO 3 . 
N 2 O is adsorbed on the crystal surface. When the concentration of the adsorbed 
N 2 O increases to some extent, N 2 O is desorbed or removed from the surface into 
the gas phase. At the same time, the solid KDN continuously decomposes. How- 
ever, because pressure prevents the escape of N 2 O, the decomposition of the solid 
KDN is restrained. 

2. Topochemistry of Decomposition for Solid KDN 

The thermal decomposition of solid KDN conforms to the topochemical prin- 
ciple. The crystal decomposition is related to the crystal particle size, moisture 
content, etc. The decomposition of larger crystals is faster than that of smaller 
ones. For larger crystal grain sizes, the crystal surface is not smooth, the crystal 
structure is imperfect, lattice defects, and cracks appear on the crystal surface, the 
reaction center (“nucleus formation”) forms easily and the reaction rate increases. 
With decomposition proceeding, the lattice defects and cracks on the crystal surface 


Table lb Results of DSC for KDN (sample B) at various 
pressures: liquid state 


Pressure, 

MPa 

Decomposition 
peak T m 1 , °C 

Decomposition 
peak T m2 , °C 

Decomposition 
enthalpy A H L , J/g 

0.1 

231.5 

237.2 

371.3 

3 

228.8 

238.1 

400.4 

7 

226.3 

238.0 

447.3 
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Fig. 2 PDSC curves for KDN (sample B) at various pressures. 


expand, and the solidifying product KN0 3 , which is formed from the decompo- 
sition of KDN, is absorbed on the crystal surface. Therefore, the crystal produces 
stress. Then, as the stress increases continuously to some extent, the crystal cracks 
to form small crystals and generates a new surface, and the reaction occurs con- 
tinuously on the new surface. Finally, the product KNO 3 completely covers the 
small crystal surface and eliminates the reaction center, causing the decomposition 
reaction to stop partially or completely. 

At room temperature, the smaller crystals of KDN may decompose partially. 
When the decomposition product (KNO 3 ) covers the smaller crystal surface, it 
restrains the active reaction center. Because the smaller particle size crystal does 
not easily crack, its topochemistry does not easily proceed, and its thermal stability 
is better. 

Moisture in the KDN can prevent and eliminate the active reaction center, and 
improve its stability. This may be the reason that KDN containing moisture was 
found to be more stable than the dried KDN. 

The K + chemical state on the KDN crystal surface and the ratio of elements K 
to N were measured by x-ray photoelectron spectroscopy. The results in Table 2 
show that the 2P electron-binding energy of K + for the KDN crystal surface of 
sample Nos. 2 and 3, although No. 4, was the same as that of KNO 3 . It is thus clear 
that these K + of the crystal surface of KDN lie mostly in the chemical state of 
KNO 3 , indicating that the decomposition product KNO 3 almost covers the KDN 


Table 2 K + electron-binding energy and crystal surface 
element K/N value in different crystal states 




£s/eV 


No. 

Sample 

2 P 3/2 

2P i/2 

K/N 

1 

KNO 3 

293.0 

295.6 


2 

KDN (larger crystal) 3 

292.9 

295.7 

0.47 

3 

KDN (smaller crystal) b 

292.9 

295.7 

0.55 

4 

KDN (new crystal) 11 

292.6 

295.4 

0.40 


a Not ground. 

b Ground and stored for a time. 
c Ground and measured immediately. 
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crystal surface. However, there is not enough time for the decomposition product 
KNO 3 of KDN to cover the new crystal surface formed in sample No. 4, and 
internal structure of the KDN crystal is revealed. Its 2P electron-binding energy 
of K + is smaller and close to the K + chemical state in KDN structure. The data 
of Table 2 show that K/N values measured were larger than the K/N theoretical 
value of 0.33 for KDN. It is thus evident that the decomposition product KNO 3 of 
KDN could accumulate on the KDN crystal surface. Because the specific area of 
sample No. 3 was larger and it was stored for a time, its K/N value reached 0.55. 
Similarly, the new crystal formed from sample No. 4 was not completely covered by 
the decomposition product KNO 3 , and its K/N value was smaller (0.40). Table 2 
shows that the decomposition product KNO 3 of KDN covers the KDN crystal 
surface, which has an important effect on the thermal behaviors of KDN, such as 
the topochemistry, thermal stability, and eutectic formation. 


B. Thermal Decomposition of Liquid KDN 

1. Decomposition Characteristics of Liquid KDN 

Pressure has a distinct influence on the thermal decomposition of liquid KDN. At 
130-180°C, melting KDN does not essentially decompose, but on the DSC curve 
of Fig. 2, there are two overlapping exothermic peaks (T m 1 , T m 2 ) at 180-260°C 
as the decomposition of liquid KDN occurs. Table lb shows that, as the pressure 
increases, the decomposition enthalpy A H L of liquid KDN increases (i.e., AW/, in- 
creases from 37 1 .3 J/g at 0. 1 MPa to 447.3 J/g at 7 MPa). The decomposition of liq- 
uid KDN was assigned to two stages. During the first stage of decomposition, with 
increasing pressure, the decomposition peak temperature T m \ on DSC curve (Fig. 2) 
decreases from 231.5°C at 0.1 MPa to 226.3°C at 7 MPa, dropping by 5.2°C (see 
Table lb). The peak shape changes from a gentle slope peak to a sharp peak (Fig. 2). 
This shows that pressure can change the first stage of decomposition and accelerate 
the reaction. The second-stage decomposition of liquid KDN is extremely quick 
and is overlapped by first-stage decomposition, constructing a precipitous sharp 
peak T ml as shown in Fig. 2. Increasing pressure has little effect on T m i. 

2. Decomposition Kinetics for Liquid KDN 

Decomposition kinetic parameters for liquid KDN were calculated by Kissinger’s 
method . 11 The results are shown in Tables 3 and 4. Figures 3 and 4 are the Arrhe- 
nius charts of the decomposition of liquid state KDN of various pressures. It 
can be seen from Table 3 that, as the pressure increases, the peak temperatures 


Table 3 Decomposition results for liquid KDN at 0.1 and 6 MPa 


</>, °C/min 

0.1 MPa 

6 MPa 

O 

c 

T m2 , °C 

7ml, °C 

T ml , °C 

5 

223.2 

221.6 

214.5 

227.9 

10 

231.5 

237.3 

227.4 

237.9 

20 

238.3 

247.6 

235.3 

247.5 

30 

243.9 

254.7 

241.5 

254.9 
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Table 4 Decomposition kinetic parameters for liquid KDN 
at 0.1 and 6 MPa 




First stage 



Second stage 


Pressure, 

E\, a 

LogA,, 


£2 , 3 

LogA 2 , 


MPa 

kJ/mol 

1/s 

r 

kJ/mol 

1/s 

r 

0.1 

179.5 

8.08 

0.9985 

137.4 

3.65 

0.9995 

6 

131.7 

3.43 

0.9924 

139.2 

3.81 

0.9991 


“Apparent activation energy. 


T ml drop, but T m2 does not change at various heating rates. It can be seen from 
Table 4 that activation energies E\ of the first-stage decomposition decreases from 
179.5 kJ/mol at 0.1 MPa to 131.7 kJ/mol at 6 MPa as the pressure increases. 
The results in Fig. 3 show that increasing pressure changes the correlation of the 
first-stage decomposition rate constant with the temperature, the rate constants 
increase, and the decomposition reaction accelerates. Maybe this is the reason that 
propellants with KDN possess a high bum rate and a low pressure exponent. The 
activation energies E 2 of the second-stage decomposition show little difference 
at 0. 1 and 6 MPa, and the relation for the rate constant with temperature shows 
two very close straight lines (in Fig. 4). It is clear that pressure does not influence 
second-stage decomposition. 

C. Decomposition Mechanisms of KDN 

Partial IR spectra, as shown in Fig. 5, were obtained from the decomposition 
processes of KDN followed by heating in situ cell. It was seen that as the tem- 
perature increases, the absorption bands of the vibrations of N-N0 2 (1530, 1431, 
1344, and 1 178 cm -1 ) and N-N (1023 cm -1 ) disappear, and those of -NO 3 (1384 
cm -1 ) and — N0 2 (1249 cm' 1 ) are enhanced gradually. The IR spectra (see Fig. 5) 
were divided into four groups. From room temperature to 157. 2°C (spectra 1-4 
in Fig. 5), as the first group corresponding to the solid-state decomposition and 
liquifying processes of KDN, the spectra of the N-N bond obviously decrease and 



Fig. 3 Arrhenius chart of the first-stage decomposition in liquid KDN at 0.1 and 
6 MPa. 
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Fig. 4 Arrhenius chart of the second-stage decomposition in liquid KDN at 0.1 and 
6 MPa. 


do not disappear, but that of — N0 3 appears gradually. From 157.2°C to 190.6°C 
(spectra 4-7), as the second group, all spectra change very little because molten 
KDN is a comparatively stable stage. At 1 90.6-224.3°C (spectra 7-13), as the third 
group, corresponding to the decomposition of liquid KDN, the spectra of N-NO 2 
and N-N contract and disappear, but those of -NO 3 and — NO 2 strengthen gradu- 
ally. At 224.3-380.9°C (spectra 13-17), the fourth group, corresponding to the final 
decomposition stage and the total decomposition of KDN, the spectra of — NO 3 and 
— N0 2 change slightly (the relative quantity of -NO 2 /-NO 3 increase slightly). 

From an investigation of the crystal structure of KDN , 8 it has been believed that 
the two nitro groups of dinitramide anion N(N0 2 )^ were open and flat and not 
conjugated, and their negative charges were localized on a nitro group. Because the 



3500 300025002000 1500 1000 500 

Wave Number (cm' 1 ) 


Fig.5 IR spectra of decomposition of KDN followed by a heating in situ cell: 1, 17.5 °C; 
2, 71.2°C; 3, 113.1°C; 4, 157.2° C; 5, 168.4°C; 6, 179.4°C; 7, 190.6°C; 8, 201.8°C; 9, 
205.2°C; 10, 210.8°C; 11,215.2°C; 12, 219.7° C; 13, 224.3°C; 14, 269.0" C; 15, 313.8°C; 
16, 358.6° C; and 17, 380.9°C. 
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Fig. 6 Relation of relative intensity of IR spectra vs temperature or time. 


N-N bond charge was not averaged, N(NC> 2)2 decomposed into -NO 3 and N 2 O. 
Christe et al . 12 suggested that the two nitro groups of KDN crystal were not on the 
same plane, that their bond angle was 22.6°C, and their bond lengths were differ- 
ent and the two nitro groups were asymmetric. Our experimental data show that 
elevated pressure restrains the decomposition of solid KDN, and demonstrate that 
the decomposition of solid KDN gives gas products. From this, the decomposition 
mechanism of solid KDN is 

K • N(N0 2 ) 2 -> KN0 3 + N 2 0 (1) 

IR spectra recorded by heating in situ cell were integrated to obtain the correlation 
of the relative intensities of the characteristic peaks of N-N 0 2 , — NO3, — NO2, and 
N 2 O to temperature and time (Fig. 6 ). In the range of 224-234°C, the intensities 
of the mentioned characteristic peaks change suddenly. The peak of N-NO2 dis- 
appears, and the peak of — NO3 gradually reaches its maximum. On the basis of 
the data and the information in the literature , 913 the decomposition mechanism of 


liquified KDN is formulated as follows. 

The first-stage decomposition (228-230°C): 

KN(N0 2 ) 2 -*• KN(N0 2 ) + N0 2 ( 2 ) 

KN(N0 2 ) + N0 2 -+ KN0(N0 2 ) + NO (3) 

2KN0(N0 2 ) -> 2KN0 2 + N(N0 2 ) (4) 

KN0 2 + N0 2 -* KN0 3 + NO (5) 

The second-stage decomposition (230-238°C): 

N(N0 2 )^ [0] + N 2 0 ( 6 ) 

KN0 2 + [O] -► KN0 3 (7) 


The thermal decomposition of liquified KDN was investigated by the 15 N- 
labeling technique . 9 It was found that N-N cleavage primarily removes a nitro 
group NO 2 with escape of the NO 2 , and a free diradical N(N 02 > is formed. At 
higher temperatures, the decomposition of NfNCH) produces a free radical [O], 
which is a stronger oxidizer than NO 2 . Therefore, the stronger oxidization reaction 
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Fig. 7 DSC curves of AN, KDN, and AN/KDN at 0.1 MPa. 


between [O] and KN0 2 form KNO3 , accompanying the quick exothermic process. 
For this reason, a sharp exothermic peak (r m2 ) on DSC curve occurs in Fig. 2. In 
the meantime, although KN0 2 decreases, KNO3 increases in Fig. 6. 

The results from PDSC show that the first-stage decomposition of liquid KDN 
accelerates with an increase in pressure, which favors increased concentration of 
the strong oxidant N0 2 in the condensed phase, making the reaction in Eqs. (3) 
and (5) quick. In the second-stage decomposition of liquid KDN, the reaction 
products occur mostly in the solid state (because of the formation KN0 2 and 
KNO3). Therefore, pressure has no influence on this reaction. 


D. Phase Stabilization of KDN 

It is shown by the DSC curve at 0. 1 MPa in Fig. 7 that AN has four endothermic 
peaks. The first three peaks are the crystal phase transition of AN, but the last peak 
is the melting point of AN. The phase IV— >■ phase III transition at 46.5°C causes 
an irreversible increase in the crystal volume of AN as a disadvantageous phase 
transition. Thus, recycling of the phase IV phase III may cause growth in the 
charge grain volume and destruction of its integrity. The results show an increase 
in the probity and loss in the mechanical strength for AN-based propellant. If KDN 
of about 10 wt% was introduced into the AN crystal lattice, then the IV — ►!!! phase 



Fig. 8 DSC curves of AN, AN/KDN, and AN/KNO 3 at 6 MPa. 
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Table 5 DSC results for AN system at 6 MPa 


Sample, w/w 

Phase transition temperature, °C 

IV-.-III III, II— =►! 

Decomposition 
enthalpy AH, J/g 

AN 

52.3 

127.7 

700.5 

AN/KNOj (85/15) 

— 

119.5 

362.3 

AN/KDN (85/15) 

— 

112.9 

1450.0 


transition of AN could be eliminated (see DSC curve of AN/KDN in Fig. 7) in the 
25-100°C range. 

DSC curves at 6 MPa in Fig. 8 show the phase I V-* phase III transition peak 
of AN at 52.3°C. However, on the DSC curves of AN/KNO3 and AN/KDN, the 
phase transition peak is not observable in the 25-100°C range. At 0.1 or 6 MPa, 
KDN may effectively prevent the defective phase transition. As seen from Table 5, 
the enthalpy of decomposition for AN/KDN increases largely as compared with 
that of AN/KNO3, and KDN not only has a phase-stabilizing effect on AN, but 
greatly increases AN-based propellant energy. KDN is considered to be a desirable 
phase-stabilizer of AN. 

E. Eutectic System of KDN 

The two binary eutectic systems were brought about during its decomposition 
process. KDN sample A, the decomposition phenomenon that did not appear in the 
solid phase, had only one endothermic peak, which was the melting point of KDN 
at 1 30.9°C in Fig. 1 . KDN sample B, the decomposition phenomenon that appeared 
in the solid phase, had two endothermic peaks at 108 and 1 1 8.4°C in Fig. 1 , the for- 
mer being the eutectic peak of formation of KDN with its decomposition product 
KNO3, and the latter being the liquifying point of the remaining KDN. It is seen 
from DSC curves in Fig. 2 that the eutectic peak height decreases, and the liquifying 
peak height increases as the pressure increases. At 0.1 MPa, the solid-phase KDN 
decomposes quickly, and forms more of the decomposition product KNO3 . The eu- 
tectic peak of the product KNO3 with KDN becomes larger, and the liquifying peak 
of the remaining KDN becomes smaller in Fig. 2 and Table la. The results in Fig. 9 



Fig. 9 PDSC curves of KDN (sample A) at various pressures. 





436 


C. YIN ET AL. 


show that the decomposition of the solid KDN does not all appear at 0.1-7 MPa, 
so that KDN has only one endothermic peak, which has a melting point of 130.9°C, 
and the eutectic peak is not present. The results illustrate that KDN, with its de- 
composition product KN0 3 , can form a binary eutectic system. Another eutectic 
peak formed by the final decomposition products KNO 3 and KNO 2 for KDN is at 
about 315°C, and is described in another paper . 14 

IV. Conclusions 

1) An increase in pressure restrains the thermal decomposition of solid KDN. 
When processing, using, transporting, and storing KDN, the proper outside pres- 
sure should be exerted on KDN. KDN in the smaller grain sizes and containing 
moisture is more stable, and does not easily decompose. 

2) Elevated pressure accelerates the first-stage decomposition of the liquid KDN, 
to make its decomposition temperature (T m \) and apparent activate energy (£ 1 ) 
decrease, and its reaction rate constant increase. Generally, the energetic materials 
possessing the aforementioned characteristics make a greater contribution to the 
high bum rate and low pressure exponent in the propellant compositions. 

3) 10 wt% KDN in AN liminates the disadvantageous phase IV — ► phase III 
transition of AN. The decomposition exothermic enthalpy of AN/KDN is two 
times greater than that of AN/KNO 3 . In a word, KDN is an ideal phase-stabilizer 
for AN. 
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Combustion Mechanism of 
3-Azidomethyl-3-Methyloxetane (AMMO) 
Composite Propellants 
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Nomenclature 

C = specific heat 

E s = activation energy 

Q s = heat released at the burning surface 

R = universal gas constant 

r = burning rate 

r Fe = burning rate of propellant including ferric oxide 
T = temperature 

x = distance 

a s = constant 

r] = catalytic efficiency 

0 = heat released at burning surface 

A = heat flux transferred back from gas-phase to burning 
surface 

X = thermal conductivity 

£ = fraction of solidified carbon 

p = density 

o p = temperature sensitivity of burning rate 

<t> = temperature sensitivity of gas-phase reaction 

(j> = temperature gradient at the burning surface 

'l / = temperature sensitivity of condensed-phase reaction 

f = temperature 

Subscripts 
c = carbon 

p = pressure or propellant 


Copyright © 1999 by the American Institute of Aeronautics and Astronautics, Inc. All rights 
reserved. 
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5 = burning surface or solid 

I = zone I, defined in Fig. 2 

II = zone II, defined in Fig. 2 

0 = initial condition 


L Introduction 

T HE investigation of organic azide polymers has been conducted for the possi- 
ble use of such polymers as high-energy plasticizers and binder components 
of rocket and gun propellants. 1 Typical organic azide polymers that have been stud- 
ied extensively are glycidyl azide polymer (GAP), 3-azidomethyl-3-methyloxetane 
polymer (AMMO) and 3,3-bis(azidomethyl) oxetane polymer (BAMO). A number 
of thermochemical studies on azide polymers have been conducted. 2-8 These azide 
polymers decompose with high heat release, resulting from the scission of the azide 
bond, to evolve nitrogen. These decomposition characteristics are significantly 
different from those of hydroxy-terminated polybutadiene (HTPB). The decom- 
position products of BAMO, GAP, and AMMO have been determined by simulta- 
neous mass and temperature change/Fourier transform infrared spectroscopy. 2,5 ' 7 
According to the results, CO and HCN are produced by BAMO and GAP, and 
CH 2 0 and HCN are produced by AMMO. Because the heal releases from GAP 
and BAMO are higher than that from AMMO, small molecules are formed by GAP 
or BAMO, whereas large fragments are evolved by AMMO. Slow heating rate and 
isothermal decomposition experiments indicate that nitrogen gas is evolved from 
BAMO at 403 K and from GAP at 393 K. However, the azide absorption of AMMO 
is still present at 560 K. It is evident that AMMO is more stable than either BAMO 
or GAP. 

The azide polymers bum by themselves without any oxidants because of their 
high-energy release during decomposition. 1,3 The kinetic studies revealed that the 
heat flux transferred back from the high-temperature gas-phase zone to the con- 
densed phase is the major heat determinant of the burning rate. Accordingly, the 
heat transfer process plays an important role in determining burning rate character- 
istics, such as pressure and initial temperature effects. Because the azide polymers 
contain a relatively high concentration of carbon atoms as compared to the con- 
centration of oxygen, the high specific impulse of rockets and impetus of guns 
could potentially be obtained by the addition of oxidizers such as ammonium per- 
chlorate (AP). During propellant combustion, the AP particles interact with the 
azide polymer that acts as a base matrix surrounding the individual particles. Large 
numbers of flamelets are produced from each AP particle on the burning surface 
of the propellant. 1 Thus, the burning rate appears to be dependent on the physical 
and chemical mode of the AP particles and the base matrix at the burning surface 
and/or in the gas phase. In this study, the burning rate and thermochemical mea- 
surements were conducted to obtain information on the effects of pressure, initial 
temperature, and catalyst on AP/AMMO and AP/HTPB propellants. 


II. Experimental Methods 

The AMMO tested in this study was made by replacing the C-OH bond of 
3-methyl 3-oxetane methanol with a C-N3 bond. The chemical structure and 
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Table 1 Physico-chemical properties of AMMO 


Parameters 


Values 


Chemical formula 


c 5 h 9 on 3 




/ ch 2 n 3 





H| H 



Molecular structure 

HO- 

O 

1 

u 

1 

u 

1 

u 

- 

-H 



H 1 H 





l ch 3 

/ 

n 

Degree of polymerization, n 


30 


Molecular weight 


3860 kg/kmol 


Heat of formation 


345.3 kJ/kg 


Density 


1.06 x 10 3 kg/m 3 


Adiabatic flame temperature 


1283 K at 10 MPa 


Combustion 2 products (mole fraction) 




at 10 MPa 




C(s), 37.4; N 2 , 16.2; H 2 , 26.3; 




CO, 6 . 8 ; C0 2 , 0.5; CH 4 , 9.6 





a Chemical equilibrium calculations. 


theoretical combustion properties of AMMO are shown in Table 1. It should be 
noted that the heat of formation (A Hf) of AMMO is a positive value and that the 
density p is relatively high. Both are higher than those of HTPB. The adiabatic 
flame temperature is 1283 K at 10 MPa. Large amount of C(s), Hi, and N 2 are 
formed as combustion products. 

AP composite propellants composed of 80% AP and 20% binder were burned 
in a strand burner pressurized with nitrogen. The AP particles were formulated 
with a trimodal particle-size distribution consisting of a mixture of 10 gm (34%), 
200 gm (33%), and 400 gm (33%) in particle diameter. The averaged diameter of 
the AP particles was 201.4 /rm. Asa reference to the AP/AMMO propellants tested, 
AP/HTPB propellants were formulated using the same AP particle distribution. 
The binders were cured by isophoron diisocyanate. To determine the effect of 
burning rate catalyst on the AP/AMMO propellants, 1% ferric oxide (FeiCL, 1 gm 
in diameter) was mixed with the propellants. The propellant compositions tested 
in this study are shown in Table 2. 


Table 2 Composition of AP composite propellants 


AP, wt% 

AMMO, wt% 

HTPB, wt% 

Fe 2 0 3 , wt% 

80 

20 




80 

20 


1 

80 

— 

20 


80 


20 

1 
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Fig. 1 Burning rate characteristics of AMMO at 243, 298, and 343 K. 


III. Results and Discussion 
A. Combustion Characteristics of AMMO 

Figure 1 shows the combustion characteristics of AMMO polymer without 
crosslinking and curing at 243, 298, and 343 K. The burning rate of AMMO 
is as high as the burning rate of conventional double-base propellants. The temper- 
ature sensitivity given by the following equation was determined to be 0.0057/K 
between 243 and 343 K at 2.5 MPa: 



To study the combustion wave structure, microthermocouples made of 50-fxm- 
diam Pt-Ptl3%Rh wires were set into the strand samples. As shown in Fig. 2, the 



Fig. 2 Schematic representation of the combustion zones of AMMO. 
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combustion wave structure of AMMO can be divided into two zones: zone I is a 
nonreactive zone and burning surface and zone II is a gas-phase reaction zone in 
which final combustion products are formed. Decomposition and gasification occur 
at the temperature denoted by T s in zone I. The heat flux transferred back from the 
gas phase to the burning surface, A u = An (dT /dr)n, and the heat released at the 
burning surface, ®i = PirQi, are determined by the following one-dimensional 
heat balance equation 1 : 

PirCi(T s — To) = PirQi + (2) 

The value of Q\ was obtained by using Eq. (2), and An was obtained by the analysis 
of combustion products of AMMO. The results showed that 23.4% solidified 
carbon was formed at the liquid-gas interface and remained in zone II during 
burning. Thus, the averaged heat conductivity in zone II, An, was determined by 
the following relationship 3 : 


hi = t;X c + (l-$)X g (3) 

In the computation of An, § =0.234, A e =3.57 x 10 -3 kW/mK, and X g =6.3 x 
10 _5 kW/mK were used. Using the parameter values p\ = 1.06 kg/m 3 andCi = 1.59 
kJ/kgK, and r, T s , and (dT /df)n data, the value of Q\ is calculated. The average Q\ 
was determined to be 668 kJ/kg in the pressure range tested. These results indicate 
that the exothermic reaction is occurring at the burning surface. The heat flux 
transferred back from the gas phase to the burning surface and the heat released at 
the burning surface were calculated. As shown in Fig. 3, both Au and ©i increase 
with increasing pressure. The ratio of An / ©i was determined to be 0.03 at 2.5 MPa. 
The results indicate that the exothermic reaction observed at the burning surface 
is the major heat source of the combustion wave of AMMO. 

The results suggest that fragments of hydrocarbon chain accompanied with azide 
groups are evolved at the burning surface of AMMO. The fragments decompose 
exothermically near the burning surface by the scission of the N-N 2 bond. Because 



Fig. 3 Heat flux transferred back from zone II to zone I and heat flux produced in 
zone I of AMMO as a function of pressure. 
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Fig. 4 Relationship between specific impulse and binder contents of AP/AMMO and 
AP/HTPB propellants. 


the heat flux transferred back from the gas phase to the burning surface increases 
with increasing pressure, the quantities of the fragments increase. 

B. Theoretical Rocket Performance of AP/AMMO and 
AP/HTPB Propellants 

The theoretical rocket performance of the propellants composed of AP/AMMO 
and AP/HTPB was calculated using NASA SP-273. 9 As shown in Fig. 4, the 
propellant composed of 20% AMMO and 80% AP indicates the highest specific 
impulse / sp . / sp decreases rapidly as the concentration of AMMO increases above 
20%. The propellant composed of 10% HTPB and 90% AP indicates the highest / sp . 
The highest / sp of AP/AMMO propellant is as high as that of AP/HTPB propellant. 


C. Combustion Characteristics of AP/AMMO and AP/HTPB Propellants 

The burning rate characteristics of AP/AMMO propellant and AP/HTPB propel- 
lants were measured. As shown in Fig. 5, the burning rate of AP/AMMO propellant 
is higher than that of AP/HTPB propellant. AP/AMMO propellant shows a plateau 
burning at pressures between 2 and 4 MPa, and unstable combustion (self-burning 
interruption) was observed at pressures between 5 and 1 1 MPa. After the propel- 
lant strand burned about 5 mm, a self-burning interruption occurred in the pressure 
range between 5 and 1 1 MPa. However, combustion became stable again above 
13 MPa. The scanning electron microscope (SEM) photograph revealed that there 
was a melting layer at the burning surface of the extinct propellant at 5 MPa, as 
shown in Fig. 6. It has been reported that a molten binder flowed over the AP 
particles and extinguished the combustion of the propellant. 10 It may, therefore, 
be suggested that the self-buming interruption of AP/AMMO propellant is caused 
by a molten layer of AMMO binder. 

The effect of initial temperature on the burning rate of AP/AMMO and AP/HTPB 
propellants was measured. Figures 7 and 8 show the burning rate of AP/AMMO 
and AP/HTPB propellants at 243, 293, and 343 K. The results indicate that the 
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Fig. 5 Comparison of burning rate of AP/AMMO and AP/HTPP propellants. 



10/4 m 


Fig. 6 SEM photograph of burning surface of a quenched AP/AMMO propellant. 



Fig. 7 Burning rate of AP/AMMO propellant at 243, 293, and 343 K. 
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Fig. 8 Burning rate of AP/HTPB propellant at 243, 293, and 343 K. 

burning rate of both propellants increases as the initial temperature increases. 
However, the AP/AMMO composite propellant shows a self-burning interruption 
above 3 MPa at 243 K. This phenomenon is thought to be due to a molten layer 
that forms on the burning surface. The molten layer reduces the heat flux feedback 
from the gas phase to the burning surface. A plateau burning is observed between 
3 and 7 MPa at 343 K. Because the heat flux feedback from the gas phase to the 
burning surface at 343 K is supposed to be higher than that at 293 K, the pressure 
that indicates the plateau burning at 343 K is higher than the pressure at 293 K. 
No extinction of the combustion of AP/AMMO propellant was observed in the 
pressure region tested in this study at 343 K. 

The temperature sensitivity of the burning rate a p , which was defined in Eq. (1), 
was obtained from the burning rate results. As shown in Fig. 9, the temperature 
sensitivity of both AP/AMMO and AP/HTPB propellants increase as pressure 
increases. The temperature sensitivity of AP/AMMO propellant was higher than 



Fig. 9 Temperature sensitivity of AP/AMMO and AP/HTPB propellants. 
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Fig. 10 Burning rate of AP/AMMO and AP/HTPB propellants with ferric oxide. 


that of AP/HTPB propellant. From the results, it is thought that the use of AMMO 
as a binder changes the combustion mode of AP in contrast to the use of HTPB. 


D. Combustion Characteristics of Catalyzed AP/AMMO 
and AP/HTPB Propellants 

Metal oxides are widely used to change the combustion mode of AP-based 
composite propellants. Iron oxides are reported to act as catalysts to accelerate the 
decomposition of AP particles at the burning surface. 1 1 To understand the effect of 
the catalyst on the burning rate of AP/AMMO propellant, ferric oxide (Fe 203 ) was 
chosen as a catalyst. The burning rate results are shown in Fig. 10. The burning 
rate and the pressure exponent were both increased by the addition of ferric oxide. 
The catalytic efficiency, which was defined by Eq. (4), was obtained: 

'? = (r ¥ Jr) (4) 

As shown in Fig. 1 1 , though there is some scatter in the data, it is obvious that the 
catalytic efficiency of AP/AMMO and AP/HTPB propellants was of the same order 
of magnitude in the pressure range tested. However, the effect of the addition of 
the catalyst is evident. No burning interruption was observed for the AP/AMMO 
propellant with ferric oxide between 5 and 1 1 MPa at 293 K. The results also 
indicate that ferric oxide acts more effectively to increase the burning rate because 
the catalytic efficiency increases as pressure increases. The plateau burning was 
also eliminated by the addition of ferric oxide. It has been reported that ferric oxide 
acts on the AP decomposition or the reaction of the decomposed AMMO binder 
with AP. 12 The heat of reaction at the burning surface is increased by the addition of 
the catalyst, then the heat flux feedback from the gas phase to the burning surface 
increases. The molten layer observed at the burning surface of the AP/AMMO 
propellant decreases, the burning rate increases, and the plateau burning is also 
eliminated. 

The effect of the initial temperature on the burning rate of AP/AMMO and 
AP/HTPB propellants with ferric oxide was also measured at 243, 293, and 343 K. 
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Fig. 11 Catalytic effects on burning rate of AP/AMMO and AP/HTPB propellants. 


As shown in Figs. 12 and 13, the burning became stable and no plateau burning 
was observed when ferric oxide was added. The temperature sensitivity of both 
AP/AMMO and AP/HTPB propellants increased slightly with increasing pressure, 
as shown in Fig. 14. The temperature sensitivity of the AP/AMMO propellant with 
ferric oxide was also higher than that of AP/HTPB propellant with ferric oxide. 
The pressure dependence of the temperature sensitivity of both propellants was 
decreased by the addition of ferric oxide. 

Price and Sambamurthi reported 13 that ferric oxide catalyzes not only AP de- 
composition but also binder decomposition during combustion of AP composite 
propellants. The results of differential thermal analysis and thermogravimetric 
measurements indicate that the exothermic reaction and weight loss at the first- 
stage decomposition of AMMO were accelerated and that the heat of decompo- 
sition at about 700 K was increased by the addition of ferric oxide, as shown in 



Fig. 12 Burning rate of catalyzed AP/AMMO propellant with ferric oxide at 243, 
293, and 343 K. 
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Fig. 13 Burning rate of catalyzed AP/HTPB propellant with ferric oxide at 243, 293, 
and 343 K. 


Fig. 15. The thermal decomposition of HTPB also indicates a similar result, as 
shown in Fig. 16. A differential scanning calorimeter study showed that the heat 
of decomposition of AP/azide polymer propellants was increased by the addition 
of ferric oxide. 11 However, no detailed analysis of the action of the catalyst was 
done in this study. 


E. Temperature Sensitivity Analysis of AP/AMMO Composite Propellants 

To understand the temperature sensitivity characteristics shown in Figs. 9 and 14, 
a temperature sensitivity analysis was conducted. The temperature sensitivity of 
the burning rate was represented by the following equation, which was defined by 



Fig. 14 Comparison of the temperature sensitivity of catalyzed AP/AMMO and 
AP/HTPB propellants with ferric oxide. 
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TEMPERATURE (K) 

Fig. 15 Effect of ferric oxide on the thermal decomposition of AMMO. 

Kubota and Ishihara 14 : 



Because a s can be assumed to be independent of the initial temperature, Eq. (5) is 
written in the following form: 


<Tp = d> + (6) 

Assuming that the burning rate can be expressed by the Arrhenius-type decompo- 
sition law at the burning surface, the temperature sensitivity of condensed phase 
reaction is given by the following equation 14 : 


, v=; 1 -QpRTtlE, 
T s ~T 0 - Qs/C p 


(7) 



TEMPERATURE (K) 


Fig. 16 Effect of ferric oxide on the thermal decomposition of HTPB. 
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Fig. 17 Comparison of the temperature sensitivity of gas-phase reactions of 
AP/AMMO and AP/HTPB propellants. 


Using Eqs. (6) and (7), the temperature sensitivity of the gas-phase reaction is 
expressed as 


<t> = a p - # ( 8 ) 

The calculated results of <J> and 'T of AP/AMMO and AP/HTPB propellants with 
and without ferric oxide are shown in Figs. 17-20. The temperature sensitivity of 
gas-phase reaction $ without ferric oxide increases as pressure increases for both 
AP/AMMO and AP/HTPB propellants (Fig. 17). The temperature sensitivity of 
the gas-phase reaction of AP/AMMO propellant was larger than that of AP/HTPB 
propellant in the pressure range tested. As shown in Fig. 18, the temperature 
sensitivity of the condensed-phase reaction ^ for both propellants decreases with 



Fig. 18 Comparison of the temperature sensitivity of condensed-phase reactions of 
AP/AMMO and AP/HTPB propellants. 
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Fig. 1 9 Comparison of the temperature sensitivity of gas-phase reaction of catalyzed 
AP/AMMO and AP/HTPB propellants with ferric oxide. 


increasing pressure. However, ^ of both propellants was about the same in the 
pressure range tested. On the other hand, <t> of AP/AMMO propellant with ferric 
oxide was larger than that of AP/HTPB propellant with ferric oxide. As shown 
in Fig. 20, 'P of both AP/AMMO and AP/HTPB propellants with ferric oxide is 
approximately the same as that of the propellants without ferric oxide. Though the 
results indicate that *P plays a dominant role in a p for both propellants, it is evident 
from the results shown in Figs. 9 and 1 7 and Figs. 14 and 1 9 that cp is responsible for 
the type of binder used. As shown in Figs. 17 and 19, <t> of AP/AMMO propellant 
is higher than that of AP/HTPB propellant. The results indicate that O is increased 
significantly by the use of AMMO binder. 



Fig. 20 Comparison of the temperature sensitivity of condensed phase reactions of 
catalyzed AP/AMMO and AP/HTPB propellants with ferric oxide. 
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IV. Conclusions 

Pressure insensitive burning (i.e., plateau burning) is observed when an HTPB 
binder is replaced with an AMMO binder for AP composite propellants. This 
plateau burning is caused by the molten layer that forms on the burning surface. 
The burning is interrupted between 5 and 13 MPa at 243 K. The temperature sen- 
sitivity of the burning rate is higher for AP/AMMO propellant than for AP/HTPB 
propellant. The temperature sensitivity of both AP/AMMO and AP/HTPB propel- 
lants increases as pressure increases. The addition of ferric oxide accelerates the 
burning rate of both AP/AMMO and AP/HTPB propellants. Though the tempera- 
ture sensitivity of the burning rate is dominated by the temperature sensitivity of the 
condensed phase for both AP/AMMO and AP/HTPB propellants, the temperature 
sensitivity of the gas-phase reaction is increased significantly when the HTPB 
binder is replaced with an AMMO binder. 
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Chapter 2.9 


Burning Rate Characteristics of 
Glycidyl Azide Polymer (GAP) Fuels 
and Propellants 

Iwai Komai,* Koh Kobayashi,* and Kazushige Kato^ 
NOF Corporation, Aichi, Japan 


Nomenclature 

g = acceleration of gravity 
7 sp = specific impulse 
/ sPig = gross specific impulse 
/ S p n = net specific impulse 
P = pressure 

Q s = heat generation on the combustion surface 

r = burning rate 

T = temperature 

Tf = flame temperature 

T s = temperature of combustion surface 

Tq = initial temperature of fuel or propellant 

Moo = air velocity of freestream 

x = distance 

e = air to fuel ratio 

k g = thermal conductivity of gas phase 

p p = fuel or propellant density 

I. Introduction 

G LYCIDYL azide polymer (GAP) 1 is a well-known energetic polymer that 
contains azidemethyl groups in the side chain. Because the azide groups 
release a large amount of heat when they decompose, the enthalpy of formation of 
GAP is higher than that of the other common polymers. 


Copyright © 1999 by the American Institute of Aeronautics and Astronautics, Inc. All rights 
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One application of GAP is as a solid fuel for air-breathing propulsion systems. 2-5 
The major ingredient of the fuels is hydroxyl-terminated GAP that is cured with 
isocyanate. These fuels decompose continuously by themselves without any added 
oxidizers, and the decomposition product still contains substantial quantities of 
combustible components. In the air-breathing propulsion systems this combustible 
gas is burned with the added air. In this kind of system the fuel mass flow rate, 
which affects the equivalence ratio, is strongly dominated by the burning rate of 
the fuel. 

Another use of GAP is as a fuel binder for composite propellants, which are 
widely used for rocket motors of tactical missiles. In most case hydroxyl terminated 
polybutadiene (HTPB) is used as a fuel binder. Other major ingredients are usually 
ammonium perchlorate (AP) and aluminum powder (Al). However, if A1 is mixed 
in the propellant, the hot plume is easily detected by radar. Also, the trajectory of 
the missile can be seen with aluminum oxide in the exhaust. Therefore, in some 
rocket motors Al is not used. Because GAP has higher enthalpy of formation, a 
higher specific impulse / sp can be obtained by substituting GAP for HTPB. 6-8 
Furthermore, the burning rate of GAP propellants is higher than that of HTPB 
propellants. 

In this chapter the theoretical performance and the burning rate characteristics 
and combustion mechanisms of GAP fuels and GAP propellants are evaluated. 


II. Theoretical Performance 

A. GAP Fuels 

The theoretical 7 sp and flame temperature of GAP fuel in air-breathing propul- 
sion are shown in Fig. 1. The fuel used in this calculation was tetrafunctional 
GAP cured with hexamethylene diisocyanate. The NASA chemical equilibrium 
code 9 was used for the calculation. Because there are some differences between 
rocket and air-breathing propulsion systems, some extra calculations were needed 
to obtain the 7 sp . In this calculation, mixing of the fuel and the air was assumed. 
The enthalpy of the air varies for the change of velocity of the vehicle (or the 
relative velocity of the air) and flight altitude. This value can be included in the 
input data of the chemical equilibrium calculation. In the present study, Mach 2 
vehicle velocity and sea-level flight were assumed, and 218.2 kJ/kg was used as 



Li 

8 . 

S 
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Fig. 1 Specific impulse and flame temperature of GAP fuel. 
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Fig. 2 Specific impulse of GAP/AP and HTPB/AP propellants. 


the enthalpy of the air. The calculated / sp in the output was based on the mass 
flow rate of the fuel and the air, and so it should be reduced to a value based on 
the mass flow rate of fuel only (/ sp , n ). The reduction was done with the following 
equation: 

hp,n “ (1 "F £)fsp,g — «(«oo / &) (1) 

It can be seen in Fig. 1 that the stoichiometric air to fuel ratio is around 5, at 
the maximum T f . The 7 sp , n was larger under fuel-lean conditions. It reached about 
900 s for the air-to-fuel ratio of 25. However, it has to be noted that even though 
/ sp , n gets higher, the thrust gets lower under fuel-lean conditions. 

B. GAP Propellants 

Figure 2 shows the theoretical 7 sp of GAP/AP propellants and HTPB/AP pro- 
pellants. The chamber pressure and ambient pressure were 9.81 and 0.101 MPa, 
respectively. The nozzle expansion ratio was 10. For the GAP/AP calculation di- 
functional GAP with an HMDI curative was used. The maximum theoretical 7 sp of 
HTPB/AP propellants is 260 s, at which point the binder content was 10%, whereas 
the maximum 7 sp of GAP/AP propellant is 258 s. A major difference between the 
propellants is the stoichiometric binder content. Because GAP contains a large 
amount of nitrogen (N), the amount of hydrogen and carbon is relatively smaller. 
The amount of oxygen required for complete combustion is also smaller. Con- 
sequently, the stoichiometric binder content becomes larger. In other words, the 
stoichiometric oxidizer content is smaller. The maximum 7 sp of GAP/AP propellant 
is theoretically smaller than that of HTPB/AP propellant, but the stoichiometric 
binder content of HTPB/AP propellant is too small for the manufacturing process. 
Binder content of at least 30% is needed for the process, and so the maximum 
7 sp that can be delivered is about 256 s, which is much lower than the theoretical 
maximum. The stoichiometric binder content of GAP/AP propellants is, however, 
in the processible region. Therefore, the 7 sp of GAP/AP propellants is higher than 
that of HTPB propellants. In fact, 2 s is a very large difference in 7 sp . 
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Fig. 3 Relationship between pressure and burning rate in GAP/AP fuels (AP size, 
15 /an). 


III. Burning Rate Characteristics 

A chimney-type strand burner 10 was used for the burning rate measurements. 
The pressure range was from 3 to 12 MPa. Nitrogen gas was used to pressurize 
the burner. The test pieces were 5 x 5 x 80 mm, and the side faces were inhibited. 
Burning rate measurements were made by timing wires embedded through the test 
pieces. Burning rate can be calculated by the distance between the wires and the 
time readings. The estimated measurement error of the distance is 2%, and the 
accuracy of the time reading is 1%. Thus, the error of burning rate measurement 
is calculated to be about 2.2%. 


A. GAP Fuels 

Figures 3 and 4 show the burning rate of GAP fuel with several different quan- 
tities of AP. The particle size of AP used in these experiments was 15 /tm. 



Fig. 4 Relationship between AP fraction and burning rate in GAP/AP fuels (AP size, 
15 fi m). 
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When AP was not added, the burning rate was relatively high. The burning rate 
at 3 MPa was about 14 mm/s and at 10 MPa was about 23 mm/s. These are higher 
than the burning rates of conventional solid propellants. 

The heat balance on the combustion surface is written as 11 

P p c p r(T s - T 0 ) = ^“5“) + P P r Qs (2) 

which is reduced to 

r = Wk (3) 

P p {c p (T s — To) — Qs] 

It is thought that the high bum rate of GAP fuel is due to the large heat generation 
Q s on the combustion surface. 3,4 

When 10 or 20% of AP was added, the burning rate of the low-pressure region 
decreased. The minimum burning rate at 3 MPa was about 5 mm/s. When the 
AP fraction increases the burning rate increases, whereas the burning rate of the 
high-pressure region decreases just a little. 

When a small quantity of AP is added, the amount of heat generated on the 
combustion surface is reduced. Moreover, AP particles on the surface behave as a 
heat sink for the heat generation of GAP because the decomposition temperature 
of AP is much higher than that of GAP. Consequently, the burning rate decreases in 
the low-pressure region. In the high-pressure region, the gas-phase diffusion flame 
zone is compressed, and the heat feedback from the gas phase to the combustion 
surface, which is the numerator in Eq. (3), increases. Therefore, the burning rate 
does not decrease that much. 

When a relatively larger quantity of AP was added, the burning rate was similar to 
that of GAP fuel without AP addition. This may be because the reduction of the heat 
generated on the surface is supplemented with the heat feedback from the gas phase 
to promote decomposition of GAP. In this case, combustion is considered to be 
driven by heat feedback from the gas phase. This behavior is summarized in Table 1 . 

Figure 5 shows the effect of cyclo-trimethylene-trinitramin (RDX). The particle 
size of RDX used in this these experiments was 200 /zm. The burning rate of the 
GAP/EDX fuel is similar to that of the GAP/AP fuel, but the extent of the burning 
rate reduction was different. The burning rate reduction caused by 30% RDX was 
about the same as that caused by 10% AP. This is simply because of the particle 
size. RDX also behaves as a heat sink on the combustion surface, as AP does. 
When 15-/zm RDX was used, the effect was more similar to the GAP/AP case. 


Table 1 Combustion behavior summary for 
GAP fuel with AP 


AP fraction 

Low-pressure region 

High-pressure region 

None 

Surface driven 

Surface driven 

Small 

Surface driven 

Surface driven 



gas-phase supported 

Large 

Gas-phase driven 

Gas-phase driven 
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Fig. 5 Relationship between RDX content and burning rate in GAP/RDX fuels. 


Another difference is in the bum rate in the high-pressure region. Because RDX 
is not an oxidizer, there is no diffusion flame in the gas phase. As a result, the heat 
feedback from the gas phase is smaller than that of GAP/AP fuel. 

Some other energetic additives are discussed in Ref. 4. Metals and various other 
fuel components are under investigation because they may increase 7 sp . 


B. GAP Propellants 

1 . Effect of Fe rric Oxide 

Figure 6 shows the burning rate of GAP/AP propellants. The weight ratio of 
GAP and AP was 20/80, at which the / sp reaches a maximum in these kinds of 
propellants, as was discussed earlier. The size of the AP particles were 200 and 



Fig. 6 Burning rate of GAP propellants with Fe 2 03 . 
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15 (im. The weight ratio of the AP particles was 70/30. A small quantity of A1 was 
added as an oscillatory combustion suppresser. Because the quantity of A1 added is 
very small, it will not affect the burning rate characteristics of the propellant. Ferric 
oxide was used as a burning rate modifier that promoted the burning rate. When 
ferric oxide was not added, the so-called plateau region, in which the burning 
rate is seldom affected by the pressure, was observed from 3 to 5 MPa. When 
ferric oxide was added, no plateau region was observed in the tested pressure 
range. The pressure exponent of the burning rate in the high-pressure region was 
small, however, which suggests that the plateau region may exist in an even higher 
pressure region. It seems that ferric oxide may move the plateau region to a higher 
pressure. 

The granular-diffusion-flame (GDF) theory 12 is often used to explain the com- 
bustion mechanisms of HTPB/AP propellants. In this theory, the chemical reaction 
effect and the diffusion effect in the burning rate are separated: 

1/r = a/P+b/p'i (4) 

Equation (4) is rewritten as 

P/r=a + bP l > (5) 

Here, a is a parameter related to the chemical reaction rate in the final diffusion 
flame, and b is a parameter related to the diffusion rate. If the first term of the right- 
hand side of the equation is larger, the burning rate is dominated by the chemical 
reaction. On the other hand, if the second term is larger, the gas-phase diffusion 
dominates the burning rate. 

Figure 7 shows a plot of Eq. (5) for GAP/AP propellant. The horizontal axis 
is P 2/3 , and the vertical axis is P/r. In Fig. 7 the effect of ferric oxide, a typical 
burning rate modifier of HTPB/AP propellant, was examined. 

If Eq. (5) is applied for the plateau region of the non-ferric oxide added pro- 
pellant, the value of a becomes negative. Therefore, the GDF theory cannot be 
applied for this case. For this propellant, the GDF theory can be applied only in 
the pressure regions below 3 MPa and above 6 MPa. When ferric oxide was added, 
the experimental data could be fitted with a straight line until the pressure was up 
to approximately 6 MPa. When the pressure was higher than 6 MPa, P/r became 



Fig. 7 Relationship between P^ 3 and P/r of GDF theory in GAP propellants with 
FejOj. 
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Table 2 Calculated results of a and b in Eq. (4) 


Propellant formulation 
(GAP/AP/Al/Fe 2 0 3 ) 

Pressure range, 
MPa 

a f 

MPa • s/m 

b, 

MPa 1/3 • s/m 

20/80/2/0 

~3 

0 

135 

20/80/2/0.5 

~6 

43 

65 

20/80/2/1.0 

~6 

48 

50 

20/80/2/1.0“ 

~13 

20 

54 


“Weight ratio of 200- and 15-/xm AP = 30/70. 


slightly larger. Addition of ferric oxide enlarges the region in which data can be 
fitted with a straight line. 

Parameters a and b in the pressure range in which data could be fitted with a 
straight line are summarized in Table 2. When ferric oxide was not added, the 
value of a was very small. In this case, the diffusion is considered to be the rate- 
determining step. When ferric oxide was added, the value of a increased, whereas 
the value of b decreased. The addition of ferric oxide is thought to promote the 
decomposition of AP near the combustion surface 13 so that the diffusion rate in 
the gas phase is increased. 

2. Effect of AP Particle Size 

Figure 8 shows the burning rate of GAP/AP propellant with various AP particle 
sizes. The weight ratio of 200- and 15-fj.m AP were 70/30 and 30/70, respectively. 
The burning rate increased with the increased amount of fine AP, reaching about 
40 mm/s at 10 MPa. In both cases the pressure exponent of the burning rate was 
relatively small in the high-pressure region. The GDF theory was applied for those 
propellants. The results are shown in Fig. 9. When a large quantity of fine AP was 
used, the data could be fitted to a straight line over the entire pressure range tested. 
The values of a and b are also summarized in Table 2. When the quantity of fine 



Fig. 8 Burning rate of GAP/AP propellants with various particle size of AP (FeiCb 
content, 1.0 part/100 parts GAP/AP). 
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P 273 (MPa 273 ) 


Fig. 9 Relationship between P 273 and P/r of GDF theory in GAP propellants with 
various AP particle sizes. 

AP is larger, the value of a is smaller, and the value of b is larger. These results do 
not agree with the results reported by Steinz et al. 12 Even though the experimental 
data fit a straight line, it is difficult to explain the effect of the quantity of fine AP 
by gas-phase diffusion and chemical reaction. 


IV. Conclusions 

Theoretical performance and burning rate characteristics of GAP fuels and 
GAP/AP propellants were evaluated. The 7 sp of GAP fuel in air-breathing propul- 
sion reached about 900 s. The maximum / sp of GAP/AP propellants was 258 s. 

The burning rate of GAP fuels was higher than that of conventional solid pro- 
pellants. It can be reduced by adding a small quantity (10-30%) of AP or RDX. 
According to the test results, burning rate of GAP fuels is dominated by the chem- 
ical reaction on the combustion surface. 

GDF theory, which is often used to explain the combustion mechanisms of 
HTPB/AP composite propellants, can be applied to GAP/AP propellants. The 
addition of ferric oxide promotes the condensed phase reaction and diffusion in 
the gas phase. 

When a large quantity of fine AP is used, the data fit the equation. However, the 
effect of the quantity of fine AP is difficult to explain. 
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Nomenclature 

a = constant defined in Eq. (2) 

d = diameter, /im 

n = pressure exponent of burning rate 
P = pressure, MPa 

r - burning rate, mm/s 

T = temperature, K 

X = distance, m 

Z = burning rate enhancement efficiency defined in Eq. ( 1 ) 
A r = difference of burning rate, mm/s 

Subscripts 

c = condition with carbon substance 

0 = initial condition 


I. Introduction 

U SING cyclotrimethylenetrinitramine (RDX) or cyclotretramethylenetetran- 
itramine (HMX) to replace ammonium perchlorate (AP) and aluminum 
powder in composite modified double-base (CMDB) propellants is an important 
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technological method that not only endows the propellant with higher energy, but 
also provides the minimum smoke characteristics for the exhaust. The addition of 
RDX or HMX, however, typically lowers the propellant burning rate and increases 
its pressure sensitivity, that is, produces a high pressure exponent (up to 0.7 or 
0.8). Therefore, lowering pressure exponents and enhancing the burning rate of 
this type of propellant has become a focal point of propellant research. 

It is well known that the addition of combustion catalysts is the most effective 
method to adjust the burning characteristics of propellants. The problem lies in 
which catalyst can be chosen and how to determine the content and relative pro- 
portion of various catalysts. Based on results for double-base (DB) propellants 
and a minimum smoke RDX-CMDB propellant with a similar flame (combus- 
tion wave) structure, 1 it can be concluded that certain kinds of lead salts, copper 
salts, and carbon black (CB) that are effective for catalyzing the combustion of 
DB propellants may be effective for RDX-CMDB propellant. Therefore, we have 
carried out comprehensive research on various combinations of lead salts, copper 
salts, and CB. 2,3 It was found that CB plays a very important role in decreas- 
ing pressure exponents and increasing burning rates of RDX-CMDB propellants. 
As is well known, CB is the product of incomplete burning or splitting of many 
organic compounds, and it is mainly composed of carbon. We were very inter- 
ested in the effect of CB in carbon substances of diverse types and appearances, 
especially fullerene, which is being studied extensively, and so we investigated 
the effects of C M , fullerene soot, and CB on the combustion characteristics of 
catalyzed RDX-CMDB propellants. 


II. Effect of Carbon and Potential of Cm in Solid Propellants 

Carbon plays a unique role in the combustion of DB/RDX-CMDB propellants, 
and it has attracted considerable research attention. Because solid-propellants mix- 
tures have a negative O* balance and they combust in reduction atmosphere, there 
is a large amount of carbon formed on the burning surface as well as in the com- 
bustion products. In 1965, Preckel 4 published the results of his early research. 
It was shown that the addition of a small amount of CB could enhance burning 
rates and does not harm the plateau effect. When CB had a low concentration 
(<0.5%), the burning rates of the plateau zone could increase quickly; the finer 
the CB’s particle size was, the higher the burning rates of the propellant were. 
On the basis that there was a large amount of carbon depositing on the burning 
surface of nitrate ester-based propellants, Hewkin et al. 5 first put forward a lead- 
carbon catalysis theory in 1971 and claimed that carbon accelerated the reaction 
of NO, whereas the existence of lead salt catalyst activated carbon. Thereafter, 
Lengelle et al. 6 indicated clearly that the carbon produced above the burning sur- 
face was the key material that enabled the propellant to create the plateau and 
superrate combustion phenomena. The addition of CB extended the range of the 
superrate by creating a more cohesive carbon layer in which the lead salt par- 
ticles are trapped and then decomposed into PbO. Sharma et al. 7 observed the 
burning surface and interior surface of suddenly extinguished propellants by x-ray 
photoelectron spectroscopy (XPS) and found that the samples of the catalyzed 
propellants quenched at different pressures were altered to a depth of 30-40 jum, 
and that a fluffy soot with a large concentration of lead in it was the principal 
constituent. The lead accumulation in the soot showed a maximum at a depth 
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of about 10 [.im below the surface and marked the region of highest catalytic 
activity. Lead was present both as a metal and as an oxide, and more metal- 
lic lead was present in the samples from the superbuming regime than from the 
mesa regime. The Pb/C ratio in the soot, produced at different pressures, showed 
a sudden decrease coinciding with the onset of the mesa region. Thus, the on- 
set of the mesa regime can be ascribed to the loss of lead in the soot. When 
Denisyuk et al. 8 studied the common function of PbO and CB, they discovered 
that the concentration and slight change of CB would lead to significant changes 
in PbO’s catalytic effect. For a specific surface 800-cm 2 /g PbO and 50-m 2 /g CB, 
the optimum proportion of PbO/CB was (2-3): 1, and when CB did not exist, the 
catalytic effect of PbO became weak. They then observed PbO, carbon particle, 
and the particles on the extinguished sample surface by high-resolution electron 
microscope 9 and found that PbO formed the coagulum on the burning surface 
of propellants without CB. The accumulation effect made PbO lose its activity, 
while the sooty shell or carbon frame formed by carbon substances held back 
the accumulation of PbO and kept the PbO particles close to the burning surface. 
Li’s work 10 on applications of CB also indicated that adding a small amount of 
CB, e.g., 0.3%, to the formulations would significantly affect the combustion char- 
acteristics of propellants. Moreover, the burning rate enhancement of CB derived 
from different sources and made by different methods differed greatly. 

The current literature basically admits that the emergence and disappearance of 
the .superrate burning effect are closely related to the production and disappear- 
ance of carbon residues depositing on the burning surface. To sum up, carbon’s 
functions are mainly as follows: 1) The physical action produced by carbon on the 
catalytic combustion is to prevent lead catalysts from forming coagulum. 2) From 
the chemical perspective, there are different opinions on the influence of carbon 
on catalytic combustion. It is generally admitted that carbon is a good catalyst for 
the reduction of NO and that carbon is also easily oxidized by NO. These reactions 
produce a large amount of heat. 3) Carbon black changes the optical properties of 
propellants. 4) The carbon frame (sooty shell or carbon net) formed by burning 
has higher thermal conductivity that greatly increases the heat flux back to the 
condensed phase. Furthermore, the carbon frame also hinders the escape of gases 
like NO and makes NO react fully in the surface zone to release heat. 

C6o, discovered by Kroto et al., 1 1 is a special new material with a cage structure 
and is the third kind of pure carbon shape. It is made up of 60 carbon atoms to 
form a football molecule whose diameter is 7.1 A. This unique structure enables 
C^o to possess many excellent physicochemical characteristics. The application 
of Cgo in some fields has attracted a great amount of attention from the research 
community. Recently, some articles 12 have discussed the interrelationship among 
C^o , soot, and combustion and indicated that fullerene, or the buckyball, exists in the 
combustion process. We also did some preliminary work, including detecting Cgo 
in the composition of propellants and determining the influence of soot with Cgo on 
the combustion of DB system propellants. It was found that a kind of carbon black 
(CB 3 ) always used as the ingredient of composite catalysts in DB or RDX-CMDB 
propellants contained a little toluene extract (2-5%). The color and appearance of 
this kind of toluene extract were similar to those reported for fullerene soot (FS). 13 
A preliminary catalytic combustion experiment using FS (containing about 10% 
C6o ) made by the electrical arcing of graphite was also preformed. The results 
showed that the burning rates of DB propellant and the burning rate enhancement 



468 


F. ZHAO ET AL. 


efficiency increased by 4 mm/s and about 30%, respectively, and that the pressure 
exponent of the plateau zone and the plateau pressure range remained the same 
after the FS replaced CB. 

There is probably a special relation between fullerene and the catalytic com- 
bustion of solid propellants, and fullerene may be a type of key material by which 
we can further realize the catalytic combustion. Some researchers 14 think that Cgo 
could theoretically be used as the combustible substance of propellants and that, 
when the carbon cage is destroyed, the extra tension energy and bonding energy 
could possibly be released, but there have been no reports of experimental studies. 
Wang and Li 15 succeeded in putting dinitrobenzene and trinitrobenzene on the 
spherical surface of C 6 o and tried to press the energetic materials into the holes of 
C 6 o under high pressure to increase the density and release much more energy in 
the course of combustion or explosion. 

Our objectives are to study the feasibility of fullerene as burning catalyst in solid 
propellants and to promote the development of research on the combustion mech- 
anism and the improvement of the combustion characteristics of solid propellants. 

III. Experimental Results on the Burning Rate Enhancement 
of Cm, FS, and CB 

A. Experimental Methods 

The formulation of propellant in the experiment is as follows: 35.6% nitrocel- 
lulose (NC) (containing 12% N), 25.8% nitroglycerine (NG), 31.5% RDX, 3% 
diethylphthalate (DEP), 2% Centralite II (C 2 ), 0.5% Vaseline, 1.6% AI 2 O 3 , and 
catalysts. The samples were prepared by solventless DB propellant extrusion tech- 
nology including slurry mixing, rolling, and extrusion. 

The catalysts were lead phthalate (d>-Pb), cupric 2,4-dihydroxy-benzoate (fi- 
Cu), CB, Qo, and FS. The CB added into propellant is a kind of semireinforcement 
(SRF) CB and its particle size t /50 is around 0.07 /xm. The C 60 was provided by 
Wuhan University, People’s Republic of China, and its purity was more than 99.9%. 
FS is the primary product made by the electrical arcing of graphite for preparing 
C 60 , contains about 10% C 60 , and was also provided by Wuhan University. 

To study the functions of different carbon substances, a d>-Pb/C binary catalysis 
system and a d>-Pb//!-Cu/C tribasic catalysis system were designed. Here, tribasic 
catalysis system means a composite system that consists of three kinds of different 
catalysts used together. 

The burning rates were measured in a strand burner. The appearance of the 
carbon substances was determined by combining the microanalysis system of 
a JMS-5800 scanning electronic microscope (Japan Electronic Company) and a 
LINK ISIS energy spectrum (Oxford, England, United Kingdom). 


B. Burning Rate Enhancement of Cgo> FS, and CB 

There was no significant effect on the combustion characteristics of the pro- 
pellants when the single CB was added into the propellants. Only when CB and 
lead catalysts were used together was the effect of CB obvious. CB was able to 
strengthen the catalytic effect of lead compounds. For C 60 and FS, the results were 
similar. To describe clearly the function of the carbon substance in the propellant 
catalyzed by lead salt, the burning rate enhancement efficiency Z was used to 
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Table 1 Effect of C 60 » FS, and CB on combustion characteristics of 
catalyzed RDX-CMDB propellant 


Composition 
of catalysts 

Plateau zone, 
MPa 


r mm/s, 
6-14 MPa 


Z, MPa 


n 

6 

10 

6-14 

2.5% 4>-Pb 

0 

4-10 

0.071 

9.46 

1.00 

1.00 

1.00 

0.3% FS 

6-16 

0.198 

12.56 

1.36 

1.58 

1.36 

0.3% C 60 

8-14 

0.240 

10.78 

1.12 

1.33 

1.16 

0.3% CB 

6-12 

-0.086 

10.71 

1.29 

1.25 

1.15 

2.5% <t>-Pb 

0.4% fl-Cu 

0 

4-10 

-0.051 

9.39 

1.00 

1.00 

1.00 

0.3% FS 

6-16 

0.161 

13.05 

1.34 

1.65 

1.42 

0.3% C$o 

8-14 

0.167 

11.08 

1.14 

1.38 

1.20 

0.3% CB 

6-12 

-0.188 

10.51 

1.26 

1.19 

1.14 


represent the contribution of carbon substance to the burning rate. Z is defined as 

Z = r c /r 0 (1) 

where ro is the burning rate of the control (comparative) propellant and r c is the 
burning rate of the propellant with carbon substance. The experimental results are 
shown in Table 1 and Figs. 1 and 2. In Table 1 , r is the average burning rate, the 
burning rate enhancement efficiency at 6-14 MPa is the average value of Z at 
every pressure point, and the pressure exponent n of the plateau zone is obtained 
by the linear regression of the following equation: 

r = ap n (2) 

The experimental results (Table 1 and Figs. 1 and 2) show that both a binary 
catalysis system and a tribasic catalysis system can increase the burning rate of 
propellants when 0.3% carbon substance is added. Compared with C6o and CB, FS 



Fig. 1 Effect of FS, C 60 , and CB on propellant burning rates. 
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Fig. 2 Relation between burning rate and pressure in tribasic catalysis system. 

is the best additive for the burning rate enhancement because the average burning 
rate of the propellant with FS at 6-14 MPa increases over 3 mm/s, and the Z 
value is the highest. In the binary system, the Z values for CB and C6o are similar. 
However, the average Z value for Qo at 6-14 MPa in the tribasic system is higher 
than that of CB. CB enhances the burning rate at low pressure, and so its Z value is 
higher than that of C 60 at 4-8 MPa, but the burning rates of the propellant with C 6 o 
are higher at over 8 MPa. This indicates that C6o at high pressure is advantageous 
to enhancing the burning rates of the propellant. 

After the addition of different carbon substances, the width of the plateau zone 
is maintained or even becomes wider, and the plateau zone transfers toward higher 
pressure. Among the three carbon materials, FS makes the plateau range of the 
catalyzed propellant widen and the pressure exponent n become large, whereas 
CB lowers the pressure exponent and makes the pressure exponent of plateau zone 
become negative. This shows fully that CB is particularly effective in lowering 
pressure exponent and that C6o produces the highest pressure exponent in the 
plateau zone. 


C. Effect of FS or CB Content on the Combustion Properties 

FS is most effective in burning rate enhancement, and CB has a significant 
influence on decreasing pressure exponent n. Therefore, further investigation of 
the influence of CB or FS content on the combustion properties was performed. The 
results are shown in Fig. 3 and Table 2. In Fig. 3, A r = r c ~ ro, A r' — r F s - rce- 

Figure 3 shows that for the pressures measured, the values of Z increase with 
the addition of FS and reach a maximum at 8 MPa. When the added amount of 
FS is 1.0%, the burning rate of the propellant is 2.3 times higher than that of the 
control propellant. This proves that FS has a significant effect on the enhancement 
of the propellant burning rate. At the same time, the plateau zone becomes wider 
as the FS content increases, and the plateau burning phenomenon (« < 0.3) occurs 
at 8-22 MPa. 

From Table 2 and Fig. 3, it can be seen that increasing the added quantity of 
CB can enhance the burning rate. However, the burning rate enhancement of CB 
is far less than that of the same quantity of FS. For example, when the pressure 
is 10 MPa, the burning rate of the propellant with 0.7% FS is 9.46 mm/s higher 




EFFECTS OF CARBON SUBSTANCES ON COMBUSTION 


471 



Fig. 3 Burning rate enhancement for various levels of FS and CB content. 


than that of the control propellant, whereas the burning rate of the propellant with 
0.7% CB is 5.46 mm/s higher than that of the control propellant. In the range of 
6-16 MPa, A r increases with the increase in pressure. When the carbon substance 
content is 0.7%, the value for A r' at 16 MPa is 6.5 mm/s. This demonstrates 
that pressure leads to FS having a better burning rate enhancement effect than 
CB. 


IV. Discussion of Burning Rate Enhancement 
by Various Carbon Substances 

Cgo. FS, and CB are carbon substances with different morphological properties, 
and their influences on the burning rate vary greatly. Among the physical and 
chemical properties of CB, the average particle size and specific surface plays 
a very important part in improving the burning rate and suppressing the pressure 
exponent. 10 Thus, the surface appearance of the carbon substance was studied with 
a scanning electronic microscope (SEM). The results are shown in Fig. 4. 

From Fig. 4, it can be stated that most particles of C6o’s condensation state are 
rhomboid and that the particle size is very big (c/ 50 > 50 /xm), whereas CB is a 
spherical particle whose size is extremely small (about 0.07 /i m). For FS, it is 
difficult to distinguish the single particle of C6o from soot through SEM pictures. 


Table 2 Influence of FS content on combustion properties 


FS, 

% 




Z/P, MPa 




Plateau 

zone, 

MPa 

r = ap", 
mm/s 

4 

6 

8 

10 

12 

14 

16 

18 

0 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

4-10 

8.793P- 0 051 

0.3 

1.18 

1.39 

1.68 

1.65 

1.43 

1.29 

1.14 

1.05 

8-16 

9.006P 0161 

0.5 

1.29 

1.52 

1.96 

1.93 

1.74 

1.59 

1.43 

1.29 

8-20 

8.91 8P° 241 

0.7 

1.36 

1.67 

2.20 

2.18 

1.98 

1.74 

1.58 

1.45 

8-22 

10.405P 0224 

1.0 

1.43 

1.72 

2.31 

2.30 

2.05 

1.85 

1.64 

1.51 

8-22 

11.910P 0 188 
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a) C wp (500 x) 



b) C<i« (150 x) 

Fig. 4 Surface appearance of carbon substances. 


This illustrates that the particle size of C6o in FS is small and C6o is evenly dispersed 
in soot. The mixture (FS) composed of C&o and soot, in which the particle size of 
C(,o is very different than that of pure Qo and becomes smaller, has a particle size 
similar to that of CB. 

It has been mentioned that the addition of a carbon substance to propellant may 
result in the formation of a sooty shell on the burning surface, with the sooty 
shell acting as the concentrating bed for the active composition of catalysts and 
preventing the accumulation of lead and its oxides. Thus, lead or its oxides catalyze 
some oxidation and reduction reactions and increase AT /Ax on the burning surface. 
Furthermore, the thermal conductivity of the foam zone containing the sooty shell 
is about 20 times higher than that of the general gas phase, 9 which increases the 
heat feedback toward the condensed phase. The pressure exponent is affected by 
the disappearance of the sooty shell. When the sooty shell disappears slowly with 
an increase in pressure, n > 0; when the sooty shell disappears fast with an increase 
in pressure, n <0. 
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c) CB (30,000 x) 



d)FS (30,000 x) 

Fig. 4 Surface appearance of carbon substances (continued). 


Because the particle size of CB is extremely small, when the pressure increases 
it is easy for CB to be oxidized by NO or taken away by the escaping gases. The 
disappearance of the carbon residues relates closely to the emergence of the mesa 
effect, and so this may be a reason that CB leads to the appearance of the mesa 
burning effect. Because the particle size of C6o is bigger, and its dispersion on the 
burning surface is less uniform than that of CB at low pressure, the Z value of 
Cgo is lower than that of CB. When pressure increases, however, C6o cannot be 
easily removed by the escaping gases and can still support the catalysis of lead 
compounds. As a result, the burning rate with C6o is higher at high pressure. 

The burning rate enhancement effect of FS is the best, which apparently relates 
closely to the presence of C6o- The fullerene molecule is a huge n electron conju- 
gate system, has a high charge capacity, and obtains or loses electrons easily. The 
numerous double bonds on the surface of fullerene provide many active centers, 
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especially under high temperatures, where the molecule has striking chemical ac- 
tivity. It has been found that Qo has ions of from -5 to +2 valence number. 
Therefore, in propellant combustion, it is possible to produce a coordinate bond 
and form a C 60 -Pbx complex between C6o and the outer vacant orbit of lead. 
Then, this complex changes the dispersion of the lead catalyst. Again, because 
the absorption characteristics of fullerene are better than those of CB, the Ceo- 
Pbx complex may form a highly active catalytic center. This catalysis system can 
absorb certain gases on the burning surface and catalyze these gases to conduct an 
oxidation or reduction reaction, releasing a large amount of heat to enhance the 
propellant burning rate. Because the Qo-Pbx complex is not easily blown away 
by the escaping gases, the burning rate of propellants containing FS is higher in 
the plateau zone. 


V. Conclusions 

1) Carbon plays a very important part in catalyzing the combustion of minimum 
smoke propellants. Adding 0.3% C6o, FS, or CB can enhance the burning rate of 
catalyzed RDX-CMDB propellant. Among the three carbon substances, FS most 
effectively enhances the burning rate. 

2) The three carbon substances cause the catalyzed propellant to maintain or 
even enlarge the width of the plateau zone, and the plateau region drifts toward the 
direction of high pressure. FS widens the plateau region of the catalyzed propellant, 
but the pressure exponent increases; CB decreases the pressure exponent (probably 
to a negative value); Cgo results in a higher pressure exponent in the plateau zone 
of the catalyzed propellant. 

3) The values of Z increase with an increase in the FS or CB content. However, 
the burning rate enhancement of CB is far less than that of the same amount of FS. 

4) The diversity among the burning rate enhancement effectiveness of the three 
carbon substances closely relates to the following: the particle size of C 60 is very 
big, the particle size of CB is extremely small, and FS has particles similar to CB 
with C 60 evenly scattered in FS. 

5) The C6o-Pbx complex formed between Cgo and the outer vacant orbit of lead 
may be a key to the catalysis of certain gases for oxidation or reduction reactions 
with large heat release. 
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Chapter 2.11 


Modeling of RDX/GAP Propellant 
Combustion with Detailed Chemical Kinetics 
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Nomenclature 

A = cross-sectional area of propellant sample 
A g = fractional cross-sectional area consisting of gas bubbles in 
two-phase region 

A j = preexponential factor of rate constant of reaction j 

A s = interface area between bubbles and liquid per unit volume 

Bj - temperature exponent in rate constant of reaction j 

Ci = molar concentration of species i 

c P i = constant-pressure heat capacity of species i 

Ej = activation energy of reaction j 

e = internal energy 

H v = enthalpy of vaporization 

h = enthalpy 

h c = heat transfer coefficient 

hi = static enthalpy of species i 

h°f. = heat of formation of species i at standard condition 

kj = rate constant of reaction j 

m" = mass flux 

N = total number of species 

Nr = total number of reactions 

p - pressure 

po = preexponential factor of vapor pressure in Arrhenius form 


Copyright © 2000 by the authors. Published by the American Institute of Aeronautics and 
Astronautics, Inc., with permission. 
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R u = universal gas constant 

T = temperature 

s = sticking coefficient 

t = time 

u = bulk velocity 

Vi = diffusion velocity of species i 

v n = average normal velocity component of vapor molecule 

W, = molecular weight of species i 

i hi = mass production rate of species i 

w R j = mass production rate of reaction j 

X t = molar fraction of species i 

x = spatial coordinate 

Yj = mass fraction of species i 

Greek Symbols 

<j> = void fraction 

p = density 

k = thermal conductivity 

d> = molar production rate 

Subscripts 

0+ = gas-phase side of propellant surface 

0" = condensed-phase side of propellant surface 

c = condensed phase 

c-g = from condensed to gas phase 

cond = condensation 

eq = equilibrium condition 

evap = evaporation 

/ = mass-averaged quantity in subsurface foam layer 

g = gas phase 
s = propellant surface 
v - vapor 


I. Introduction 

R ESEARCH on ignition and combustion mechanisms of solid propellants con- 
tinues to be of significant interest. It is based on the need to reduce cost, im- 
prove safety, increase performance, and minimize emission of harmful pollutants. 
To reduce emission of hydrochloric acid (HC1), which is formed during the combus- 
tion of ammonium perchlorate (AP), consideration has been given to nonchlorine- 
containing materials such as cyclotrimethylenetrinitramine (RDX), cyclotetra- 
methylenetetranitramine (HMX), and ammonium dinitramide (ADN). To increase 
performance, attention has been given to various energetic binder ingredients, 
such as glycidyl azide polymer (GAP), 3,3-bis(azidomethyl)oxetane (BAMO), 
3-azidomethyl-3-methyloxetane (AMMO), and 3-nitratomethyl-3-methyloxetane 
(NMMO). However, the effort involved with the design and formulation of new 
propellants to meet various stringent performance and environmental requirements 
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is both challenging and costly. The development of a comprehensive model to 
predict the detailed combustion characteristics would be of tremendous value to 
the propellant designer in the fabrication of more energetic and stable systems. 

During the past decade, major advances have been made in the development of 
complex models of the ignition and combustion behavior of solid propellants. 1-6 
These models are one-dimensional and take into account physicochemical phe- 
nomena in both the condensed and gas phases. In the model of RDX combustion 
developed by Melius, a detailed gas-phase reaction mechanism was formulated. 1 
Yetter et al. improved the chemical kinetics scheme, but uncertainties still exist 
about pathways of the reduction and associated rates of large fragments departing 
from the burning surface of these cyclic nitramines. 7 

Recognizing the important role of the condensed phase, Liau and Yang devel- 
oped a detailed model of RDX combustion accounting for the foam layer, which 
is the region between the gas and solid phases. 2 Such a foam layer consists of two 
phases: liquefied RDX and bubbles containing gaseous RDX and its decomposition 
products. With some minor modifications to Liau and Yang’s model, Davidson and 
Beckstead 3 concluded that an improved treatment of the near-surface region was 
needed. The same approach was later extended to study the combustion behavior 
of HMX. 4 The lack of experimental data of liquid-phase properties of HMX and 
the important role of near-surface reactions were identified. Prasad et al. have also 
studied self-sustained and laser-assisted combustion of RDX and HMX. 5,6 Their 
model differs from the ones described in Refs. 2-4 in that bubble formation within 
the liquid layer is neglected. In general, existing models of RDX and HMX com- 
bustion predict burning rates, surface temperature, and melt-layer thickness quite 
accurately, whereas some disagreements with experimental data in near-surface 
species profiles and temperature sensitivity are noted. 

In view of the success in predicting the burning behavior of RDX and HMX, 
it appears that attempts should be made to study the effect of binder on nitramine 
combustion. The objective of this work is to incorporate the available decompo- 
sition mechanism of GAP into the existing model of RDX combustion. 2 Such an 
attempt is also made based on the availability of highly mature reaction mecha- 
nisms of hydrocarbon combustion.* 


II. Theoretical Formulation 

Figure 1 shows the molecular structures of RDX and GAP. The physical problem 
of concern is an RDX/GAP pseudo propellant burning in a stagnant environment 
with or without the assistance of external laser heat flux. The detailed physi- 
co-chemical processes involved in RDX/GAP pseudo-propellant combustion are 
illustrated schematically in Fig. 2. In the solid-phase region, RDX and GAP are 
physically linked together and heated by conduction. Chemical reactions are absent 
in the solid-phase region, largely because the temperature is too low. The subsur- 
face multi-phase region begins where the solid RDX melts and becomes liquefied, 
which occurs at 478 K. Thermal decomposition of RDX and GAP, as well as sub- 
sequent reactions, takes place in the liquid layer, generating bubbles and forming a 


‘Frenklach. M„ Bowman, T„ Smith, G., and Gardiner, B.. “GRI-MECH 1.2,” available online at 
http://euler.berkeley.edu/gri_mech/index.html. 
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RDX GAP 

Fig. 1 Molecular structures of RDX and GAP. 


multiphase region commonly known as the foam layer. Here, evaporation of RDX 
occurs at the interface between liquid and gas bubbles. In addition, rapid evapora- 
tion of RDX occurs in an infinitesimally thin region immediately above the foam 
layer, 2 leaving GAP as an aerosol within the RDX vapor and decomposed gaseous 
products. In this region, GAP remains as a condensed-phase species and continues 
to decompose. Oxidation reactions then raise the temperature to its final value. 

The entire combustion-wave structure is segmented into three regions: a solid- 
phase, a near-surface multiphase, and a gas-phase region, as illustrated in Fig. 3. 
To facilitate the analysis, the coordinate system is fixed at the surface of the pro- 
pellant, which is defined as the interface between the foam layer and the gas- 
phase region, as shown in Fig. 3. A pseudo one-dimensional model is formu- 
lated as a first approximation to the problem. Both the subsurface and gas-phase 
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700 - 1250 K 


580 ~ 720 K 


Tmek = 478 K 



Fig. 3 Combustion-wave structure of RDX/GAP pseudo-propellant combustion. 


regions require a multiphase treatment because of the existence of GAP and other 
condensed-phase species in these zones. A brief summary of the theoretical for- 
mulation of physico-chemical processes in various regions follows. 


A. Solid-Phase Region 

In this work, the propellant is treated as opaque, thus the external laser heat flux 
is absorbed by a thin surface layer. Here, the solid-phase region involves only heat 
transport by conduction since the temperature is too low to allow for any extent of 
chemical reactions. Thus, the governing energy equation is given by 


3 T c dT c 

Pc^c~7T b Pc^cOc~Z 
dt OX 



( 1 ) 


Standard notations in thermodynamics are used and defined in the nomenclature. 
The properties of the multicomponent system are averaged based on mass as 
follows: 


PcC c = TrdxPrdxCrdx + TgapPgapCgap (2) 

^■c = Trdx^rdx + Tgap^gap (3) 

A closed-form solution for the steady-state condition of Eq. (1) is available subject 
to appropriate boundary conditions and burning rates. 


B. Subsurface Multiphase Region 

This region contains a liquid layer of RDX with gas bubbles and other condensed 
species. The physico-chemical processes are extremely complex, involving an ar- 
ray of intricacies such as thermal decomposition, evaporation, bubble formation, 
gas-phase reactions in bubbles, interfacial transport of mass and energy between 
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gas and condensed phases. A two-phase fluid dynamic model using a spatial aver- 
aging technique is employed to formulate these complicated phenomena. 2,8 With 
the assumption that mass diffusion is negligible, the conservation equations for 
both the condensed and gas phases can be combined and written as follows. 

Mass 


d[(l ~ <t>f)Pc + <PfP g ] 
3 1 


+ 7“[(1 - <Pf)PcU c + 4>fPgU g ] 

OX 


(4) 


Condensed-Phase Species 

3[(1 -4>f)PcY c ,] , 3 r/1 _ „ n . 

— 1 + ^[0 - <t>f)PcUcY Ci \ = U) Cl 

Gas-Phase Species 

d{<PfPgYg,) 3 (fifPgUgYgt) 

+ = w g 


3 1 


dx 


(i = 1,2,..., N c ) (5) 


(t = 1,2,..., N g ) (6) 


Energy 


PfCf 


8T f 

17 


dp dTf 





N s N c 

+ ^ ' hgj Ygj w c ~g — y h C jY C jW c -g (7) 

;=i ;'= i 


where w c -g represents the rate of mass conversion from liquid to gas. The prop- 
erties are mass-averaged as shown here: 


PfCf — L(1 4 > f)Pc c c~^ ( PfPgCg J 

pfUfCf = L(1 - (pf)PcUcCc + IpfPgUgCg J 


( 8 ) 

(9) 


h f — L(1 fif^PcMc^c 4" *PfPgWg hg J / L( 1 ^f~)Pc^c T 0/ PgWg\ (10) 

where 

N c N g Nc N s 

Cc = ^7 c C[ Y Ci , c g — c gi Y gi , h c = . ^.g — h gi Y gi 

i= 1 i=l i=l i=l 

(ID 

The mass and energy production terms depend on the specific chemical reaction 
mechanisms used and are formulated as follows. 

Thermal decomposition of RDX and GAP, evaporation and condensation of 
RDX, and reactions of gaseous products inside the bubbles are considered in the 
subsurface foam layer. Two decomposition reactions of RDX are employed as 
indicated in Table 1. The first (Rl) is a water-catalyzed exothermic reaction to 
form CH 2 O and N 2 O, and is favored at low heating-rate conditions. The second 
(R2), initiated with the N-NO 2 bond cleavage to generate NO 2 , HCN, H 2 O, and 
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Table 1 Subsurface chemical reactions and rate parameters 


No. 

Reaction 

A a ’ c 

£h.C 

Rl 

RDX (/) ->-3CH 2 0 + 3N 2 0 

10 1378 

36,000 

R2 

RDX (I ) ->-3HCN + 1.5 (N0 2 + NO + H 2 0) 

10 16 4 

44,100 

R3 

GAP56 ( o -► GAP56*, + 56N 2 

5 x 10 15 

41,500 

R4 

GAP56*;, -► 25.6HCN + 15.8CO + 14.4NH 3 
+ 17 8 CH 1 O + I 6 CH 1 CHO + HiO + 6.4C 2 H,CHO 

4- 1.5C 2 H4*+ 8 CH 3 CHNH + 8 CH 2 CHCHNH + 14.6C (I) 

1.28 x 10 (19 > 

53,000 

R5 

RDX(/) RDX(g) 

See Ref. 2 

— 

R 6 

CH 2 0 + N0 2 -► CO + NO + H 2 0 

802 x T 2 - 77 

13,730 

R7 

CH 3 CHO + M = CH, + HCO + M 

7 x 10 15 

81,770 

R8 

C 2 H 3 CHO + M = C 2 H 3 + HCO + M 

10 16 

97,600 

R9 

CH,CHNH + M = CH 3 + H 2 CN + M 

10 16 

63,700 

RIO 

CHjCHCHNH + M = C 2 H 3 + H 2 CN + M 

10' 6 

66,900 


a A = pre-exponential factor b E = activation energy c Units are in mol, cm, s, K, and cal. 


NO, is endothermic and prevails at high heating rates. Within this framework of 
global reactions, however, the autocatalytic effect of water cannot be considered 
explicitly. Subsequent reactions among the products of (Rl) and (R2) may occur 
in the bubbles and provide the thermal energy to sustain pyrolysis. Brill 9 examined 
several plausible secondary reactions and their reaction rates. Results indicate that 
reaction (R 6 ) between CH 2 O and NO 2 is probably the most important secondary 
reaction in the foam layer if it indeed does occur. In addition, thermodynamic 
phase transition consisting of both evaporation and condensation of RDX, (R5), 
is considered to provide a complete description of the mass transfer process. A 
detailed description of the treatment is given in Ref. 2. 

The GAP sample considered in the present study is composed of 56 monomer 
units (i.e., n = 56 in Fig. 1) and denoted by GAP56. The chemical kinetic details 
of the decomposition and combustion behavior of GAP are not well known. Most 
recently, Arisawa and Brill employed a temperature-jump/Fourier transform in- 
frared (T-jump/PTtR) spectroscopy to study the decomposition behavior of GAP . 10 
In their study, monol, diol, and triol having one, two, and three end-chain —OH 
groups were studied to elucidate the role of the —OH end group. Although an 
IR-inactive N 2 could not be detected by FTIR spectroscopy, GAP decomposition 
was assumed to be initiated with the bond cleavage of the azide group that re- 
leases N 2 . This bond-breaking process proceeds rapidly over a temperature range 
from 260 to 290°C, and has an activation energy of about 41 kcal/mol. There are, 
however, some uncertainties as to how the bond-breaking process occurs. Here, 
we assume a first-order process and use the pre-exponential factor and activation 
energy deduced by Sysak et al ., 11 as shown in Table 1 by reaction (R3). 

The subsequent step in the decomposition of GAP releases NH 3 . Its concen- 
tration in the gas phase increases with increasing number of —OH end groups in 
the polymer. It appears that H-atom abstraction involving the —OH end group is 
an important channel for the NH 3 formation. At this time, there are no mecha- 
nistic details that allow one to write the NH 3 evolution as a global reaction, and 
thus a rate expression cannot be formulated. Since NH 3 is an important source for 
H-atoms in the gas phase, the deficiency in predicted species concentrations caused 
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by neglecting this step in the decomposition of GAP must be noted. Finally, the 
rapid, highly exothermic event takes place and releases HCN, CO, CH 2 O, CH 2 CO, 
CH 4 , C 2 H 4 , H 2 O, and GAP oligomers, in addition to NH 3. 10 

In a laser-assisted combustion study of GAP polyol by Tang et al ., 12 the surface 
temperature approached 1050 K, which was about 400 K higher than those utilized 
by Arisawa and Brill . 10 Because this higher temperature and the use of a triple 
quadrupole mass spectrometer (TQMS), Tang et al. identified several different 
large molecular species. The major ones were acetaldehyde (CH3CHO), acrolein 
(C2H3CHO), and different imines (CH3CHNH and CH2CHCHNH). In comparing 
the results of Arisawa and Brill 10 with those of Tang et al ., 12 it appears that the 
GAP oligomers identified by Arisawa and Brill are likely candidates to form the 
imines identified by Tang et al. By performing a species balance of the results 
acquired by Tang et al., it is possible to formulate a global reaction model for 
the decomposition of GAP56*, which is the polymer unit that has released N 2 , as 
shown in Table 1 as reaction (R4). 

Most of the gaseous decomposition products from GAP are hydrocarbons or 
common gases whose chemical kinetic details are readily available. However, the 
information about aldehydes (CH 3 CHO and C 2 H 3 CHO) and imines (CH 3 CHNH 
and CH 2 CHCHNH), as well as their interactions with either RDX or its decom- 
position products, appears to be limited. To allow for a reduction of these species, 
bimolecular decomposition reactions have been formulated, with the activation 
energies about the difference in enthalpy between products and reactants. The pre- 
exponential factors are assigned values that are typical for such a process. The 
considered reactions are listed as reactions (R7-R10) in Table 1. 

Note that the condensed species GAP56 ( /), GAP56* 0 , and C (J ) are dissolved in 
the RDX liquid phase, whereas all other species are gaseous and exist in bubbles. 
Based on the chemical mechanism given by (R1-R6), the species production terms 
in Eqs. (5) and ( 6 ) are listed in Table 2. The forward and backward reactions in 
(R5) denote the evaporation and condensation processes between liquid and vapor 
RDX. The production terms for reactions in Table 2 are defined as 


f- 

II 

1 

' — ' 

( 12 ) 

U)R2 = (1 - <t>f)PcYc, 1&2 

(13) 

U)R3 = (1 - <j>f)PcYc,2k'i 

(14) 

d>Ri = (1 <Pf)PcYc, 3&4 

(15) 

wrs = A s (ksf ~ k$b) = AjjD„Crdx ^ ^ X g ,5^ 

(16) 

where s = 1 and 


P„„ = P.e*p( r,t)’ 

(17) 


(18) 

A more detailed discussion of Eq. (16) is given in Refs. 2 and 8 . 




MODELING OF RDX/GAP PROPELLANT COMBUSTION 


485 


Table 2 Description of species formation in foam layer 


i 

Species 

w Ci or w gi 

i 

RDX (0 

—(u)r\ + u> R2 + w RS ) 

2 

GAP56 (;) 

—Mr) 

3 

GAP56* () 

W^Wj,/W 2 - li)«4 

4 

Qo 

l4.6w M W 4 /Wi 

5 

RDX te) 

WR5 

6 

ch 2 o 

+ 17.8u)r4/W 3 — wr 6 ) 

7 

n 2 o 

W 7 (3u>r 1 /W i ) 

8 

HCN 

W' 8 (3u;r 2 /W 1 +25.6u ) r 4 /W 3 ) 

9 

no 2 

W 9 (1.5u)r 2 /W, -cb R6 ) 

10 

NO 

1Vio(1.5u)r 2 /1Ti + a>R6) 

11 

H 2 0 

W n (1.5ii)R 2 /lTi +w R4 /Wi+cb R6 ) 

12 

n 2 

W i2 (56w n /W 2 ) 

13 

CO 

W l2 (15.&w R4 /W 3 +cb R6 ) 

14 

nh 3 

W 14 (14.4uWW 3 ) 

15 

c 2 h 4 

W I5 (1.5u)r 4 /W 3 ) 

16 

CHiCHO 

W 16 (16w R4 /W,) 

17 

C 2 HjCHO 

W 17 (6.4u)r 4 /W 3 ) 

18 

ch 3 chnh 

W, s (8u)r 4 /W 3 ) 

19 

ch 2 chchnh 

W [9 (Sw R4 /W 2 ) 


C. Gas-Phase Region 

The species evolved from the propellant surface into the gas phase include vapor 
RDX, decomposition products of RDX and GAP, and unreacted GAP. Because 
condensed and gas species both exist in this region, a two-phase treatment similar 
to that described in the preceding section is employed to formulate the multiphase 
problem. With the assumption that body forces, viscous dissipation, and radiation 
emission/absorption effects are ignored, the isobaric conservation equations for 
both the condensed and gas phases can be combined and written as follows. 


Mass 


— — + + JL[(] _ ip g )Ap c u c + (p g Ap g u g ] = 0 (19) 

at dx 


Condensed-Phase Species 


9 [(! ~(f>g)Ap c Y c .] 3 r -i _ . . 

“H Q [(1 0g)^PcWc^c,J — Aw c 
dt dx 


(i = 1,2,..., N c ) 


( 20 ) 



486 


Y.-C. LIAU ET AL. 


Gas-Phase Species 


8Y r . 


GgApg + (PgAPgUg + 


8Yg, . ^ i$g A-Pg Vg> Ygi) 


— Aw gi — YgiAw c - g 


dx 

(i = 1,2,..., N g ) 


Energy 


dT g A) ^ 




(21) 


8T g 


SiCp « dx 


N s N c N s N c 

A Wgjhgj — A u> C jh C j + A hgjYgjW c -g — A h C jY C jW 
j = i j=i j = i 7=1 


<>-* 


( 22 ) 


The thermophysical properties used in Eq. (22) are mass-averaged as follows: 


pCp = L(1 <Pg)PcCc ~Y figPgCgl > 
puCp = [(1 — <pg)p c UcC c + 

Xg — L(1 — <t>g)p c u c X c + 4>gPgU g Xg\ / \_{\ — <p g )p c u c + (pgPgUg J 
The enthalpy of gas or condensed species i in Eq. (22) is defined as 

r-T 


- { . 
J T ref 


c Pi dT + h° fi 


(23) 

(24) 

(25) 

(26) 


The mass diffusion velocity V, consists of contributions from both concentration 
and temperature gradients, 


„ i ax, „ d Ti i ar 

V, — — D, -j- D, 

X, 3a: X, T dx 


(27) 


Finally, the equation of state for a multicomponent system is used to close the 
formulation: 


y 

P = PgKTg ^ 77 T 
1 = 1 

The chemical reactions can be written in the following general form: 

N g k N * 

£ v'/jMi, j = 1, 2, . . . , N r 


(28) 


(29) 


;=i 


K -> i=T 


where u- y and v" are the stoichiometric coefficients for ith species appearing 
as a reactant in ;'th forward and backward reactions, respectively, and M, is the 
chemical symbol for ith species. The reaction rate constant kj (either kfj or kbj) 
is given by the Arrhenius expression 


kj = AjT B ‘ exp (-Ej/R U T) 


(30) 
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The rate of change of molar concentration of species i by reaction j is 


Cij = (vlj-v^) k fj Ylc^- kbj Y[c: 


(31) 


The total mass production rate of gas species i by both gas and condensed species in 
Eq. (21) is then obtained by summing up the changes due to all gas- and condensed- 
phase reactions: 


Nr 

v j gi = 4>g W gi y ' Cij + w c -g gi (32) 

j = i 

where Wc-g tgi represents the mass conversion rate from liquid to gas of gas 
species i. 

The gas-phase chemical kinetic scheme is composed of three submodels: 1) the 
RDX combustion mechanism 6 containing 45 species and 232 reactions, 2) the 
initial decomposition reactions of GAP including, among others, aldehydes and 
imines, and 3) the hydrocarbon combustion mechanism containing 49 species and 
279 reactions (see footnote, p. 479). Bimolecular decomposition reactions for the 
aldehydes (CH 3 CHO and C 2 H 3 CHO) and imines (CHjCHNH and CH 2 CHCHNH) 
are assumed, and their kinetic rates are estimated, as indicated by reactions (R7- 
R10) in Table 1 . In total, the gas-phase chemical kinetic process involves 7 1 species 
and 520 reactions. 

The mass production rates of gas and condensed species generated by condensed- 
phase reactions in Eqs. (20) and (21) are described by reactions (R3) and (R4) of 
condensed species such as GAP and its intermediate product. Thus, the rate ex- 
pressions of the reactions, except (Rl), (R2), (R5), and (R6), listed in Table 2 
are used to calculate the mass production rates of species generated from GAP 
decomposition. 


D. Boundary Conditions 

The physical processes in the gas phase and foam layer must be matched at 
the propellant surface to provide the boundary conditions for each region. This 
procedure requires balances of mass and energy, and eventually determines pro- 
pellant surface conditions and burning rate. With the neglect of mass diffusion in 
the condensed phase, the conservation laws at the propellant surface can be written 
as follows: 

Mass 


L(1 - (pf)PcUc + (pfPgU g Jo- = L(1 - 4> g )PcU c + <j>gP g u g \a+ (33) 


Species 

[_(1 — <Pf )Pc u cYcj f P g u gY gi Jo~ = |U — 'Pg^Pc^c^Ci T *PgPg ( u g T V gj ) Y gi J q + 

(34) 
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Energy 


dTr 

1" (1 — <A/)PeMc^RDX c ^RDX / ^ i( 

OX 

The temperature is identical on both sides of the interface; however, the void 
fraction and species mass fractions might be different. 

Since the propellant surface is defined as the interface where rapid phase transi- 
tion occurs between the foam layer and gas-phase region, the distinct evaporation 
law of RDX is assumed to prevail at the interface, giving 


o- 


37, 
: dx 


+ Q 


laser 


(35) 


Jo+ 


[(1 - 0/)p c Wc1rdxJ o - = sv n Crdx, - X RD x s ) (36) 

L \ P / Jo+ 


It has been shown that p c u c = p g u g is a good assumption in the two-phase 
model. 8 Equation (33) becomes trivial and Eq. (34) can be written as follows 
when the assumption is applied to both the subsurface and gas-phase regions: 


[(l-4>f)Y Ci +d>fY gi ] 0 .= 


(1 - <t> g )Y c , + <p g 



(37) 


Taking summation of the following condensed species GAP ( /), GAP* ;) , and C (J) 
gives that 


L(1 - 0/)(l “ I'rdxJJo- = Ld - 0*)Jo+ (38) 

Equations (35-38) are sufficient to solve the set of unknowns (n, T, F, , <p) at the 
propellant surface and provide the boundary conditions for the foam layer and gas 
phase. 

The boundary conditions at the interface (melt front) between the solid phase 
and foam layer are 


T c — Tf — 7m e it and <j>j — 0 at x — x me it 


' dT c 

h AtW c Irdx^RDX 

dx 




X/ 


dT f 

dx 


(39) 

(40) 


The far-field conditions for the gas phase require the gradients of flow properties 
to be zero at x = oo: 


dp du dYj dT 

— = — — = — = — — = 0 at x = oo 

dx dx dx dx 


(41) 


The condition at the cold boundary for the condensed phase ( x — — oo) is 


T c = Ti as x — ► — oo 


(42) 


where 7} is the conditioned initial temperature of the propellant, and the initial 
compositions of RDX and GAP are also provided as input parameters. 
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III. Numerical Method 

The theoretical formulation established in the previous section requires a robotic 
numerical method to solve the problem. All of the conservation equations and asso- 
ciate boundary conditions are coupled and solved by a double-iteration procedure 
that treats the propellant surface temperature T s and burning rate r* as eigenvalues. 
The procedure proceeds with T s adjusted by an inner loop, while is corrected 
by the outer iteration. The conservation equations for the subsurface region are 
first solved and the resulting species concentrations at the surface are used as the 
boundary conditions for the gas-phase region through the interfacial matching con- 
ditions. The next step involves integration of the gas-phase conservation equations 
to provide the temperature and species-concentration profiles. The nonequilibrium 
evaporation equation (36) is then employed to check the convergence of T s . If not 
successful, another inner iteration is repeated using an updated value of T s . The 
outer iteration follows the same procedure as the inner loop, except that r* is used 
as the eigenvalue to check the interfacial energy continuity [Eq. (35)]. Because 
only the burning rate and surface temperature, but not interfacial species composi- 
tion, are involved in the iterative procedure, the present algorithm performs quite 
well and significantly reduces the computational burden. 

The conservation equations (4-7) for the subsurface region are fully coupled. 
However, they are solved by an uncoupled-iteration method. The method starts with 
an estimated temperature profile obtained by solving an inert energy equation, and 
then the conservation equations except the energy equation, i.e. Eqs. (4-6), are 
integrated using a fourth-order explicit Runge-Kutta method. Equation (7) is sub- 
sequently solved with the newly obtained void fraction and species concentrations 
to obtain a better temperature profile. Because the equations are solved separately, 
iteration is required to get a converged solution that satisfies all the conservation 
equations and boundary conditions. 

The governing equations (19-22) for the gas phase are also fully coupled, and 
solved by an uncoupled-iteration method similar to the subsurface-region solver. 
Equation (20) is first solved using a fourth-order explicit Runge-Kutta method to 
get the void fraction and the mass fractions of condensed species. Equations (19), 
(21), and (22) are then solved using the Chemkin-Premix 13 package with some 
modifications since the governing equations have been changed to account for a 
two-phase system. The grid systems of the two solvers are different, and direct 
interpolation is used to match the grid information. Iteration is performed to ensure 
all equations are satisfied simultaneously. 


IV. Results and Discussion 

The theoretical formulation and numerical method described in the preceding 
sections have been applied to a broad range of pressure and laser intensity with 
various RDX/GAP compositions. Model results show good agreement with the 
measured burning rates at atmospheric pressure. Litzinger et al. 14 have measured 
the burning rates and species concentration profiles of RDX/GAP pseudo propel- 
lants with a mass ratio 8.2 using a triple quadrupole mass spectrometer (TQMS). 
The measured burning rate is 0.8 mm/s at 1 atm with a CO 2 heat flux of 100 
W/cm 2 . The calculated value at the same condition is 0.88 mm/s. The measured 
rate for 300 W/cm 2 is 1.9 mm/s whereas the predicted value is 2.18 mm/s. The 
flame structure observed in experiments 14 is also reasonably well predicted by the 
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x, mm 
a) Calculated 



x, mm 

b) Measured 1 ' 


Fig. 4 Species profiles of the gas-phase flame of RDX/GAP pseudo propellant (mass 
ratio 8:2) at 1 atm and laser intensity 100 W/cm 2 . 


model. Figure 4 shows the predicted and measured 14 species concentration profiles 
in the gas phase at 1 atm and 100 W/cm 2 . It is found that HCN, NO, and H 2 O are 
the major intermediate products in the so-called dark zone. Similar to RDX mono- 
propellant combustion, the conversion of HCN and NO to N2 and CO dominates 
the luminous flame whereas the consumption of formaldehyde, NO 2 , and N 2 O 
accounts for the primary flame above the surface. In contrast to RDX combus- 
tion, a noticeable amount ( 1 - 2 %) of CH3 CHO has been observed near the surface. 
The agreements between the predicted and measured concentration profiles of 
CO, C0 2 , and formaldehyde are not as good as the others. Chemical equilibrium 
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Fig. 5 Predicted flame structure in the foam layer of RDX/GAP pseudo propellant 
(mass ratio 8:2) at 1 atm and laser intensity 100 W/cm 2 . 


calculation has also been performed in this study. The result matches the model 
output but not the experimental data. Even though the agreement between mea- 
sured and computed burning rates is reasonably good, further investigations into 
the combustion wave are suggested to resolve the discrepancy in flame structure. 

In the foam layer, Fig. 5 shows that the predicted temperature rises from the melt 
point of RDX at 478 K to around 590 K at the propellant surface. The mass fraction 
of liquid RDX originates at 0.8 and decreases slightly, mostly through evapora- 
tion and partially through decomposition. The void fraction increases from 0 to 
almost 9% due to the formation of bubbles containing vapor RDX and a small 
amount of decomposed gases. Consistent with the condensed-phase kinetics, the 
extent of GAP decomposition is negligible at temperatures lower than 600 K. 
The mass fraction of GAP remains at 0.2 throughout the foam layer, and then 
evolves into the gas phase. Figure 6 shows the predicted temperature, void frac- 
tion, and condensed species concentration profiles in the region immediately above 
the propellant surface. GAP starts to decompose in the gas phase when the tem- 
perature reaches 700 K. At this stage, GAP* is immediately formed because of 
the elimination of N 2 and reaches its maximum concentration within a short dis- 
tance (less than 0.004 cm). The peak value of GAP* mass fraction is less than 
10%. The calculated concentration of carbon residue in this case is negligible. If 
the propellant surface is defined as the location where all condensed species are 
gasified, the surface temperature would be around 1000 K, consistent with GAP 
combustion. 

Figure 7 shows the predicted pressure dependence of burning rate for a RDX/ 
GAP pseudo propellant with a mass ratio of 8:2. It is found that the burning 
rate-pressure relation follows a power law that is applicable to many propellants 
with the exponent n = 1, whereas n =0.83 for pure RDX. The exponent value 
n — 1 indicates that the addition of GAP does alter the combustion characteristics 
of RDX. Figure 8 shows the temperature sensitivity of burning rate at various 
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x, pm 

Fig. 6 Predicted temperature, void fraction, and condensed species concentration 
profiles in the near surface region of RDX/GAP pseudo propellant (mass ratio 8:2) at 
1 atm and laser intensity 100 W/cm 2 . 


pressures. The sensitivity coefficient is defined as 

9(ln rb) I 


The temperature sensitivity of burning rate decays at high pressures since the heat 
feedback is more profound than the effect of initial temperature on the burning rate. 

Figures 9-12 show the predicted combustion characteristics of RDX/GAP 
pseudo propellants at various pressures and initial temperatures. Figure 9 shows 



p, atm 

Fig. 7 Predicted pressure dependence of burning rate of RDX/GAP pseudo propel- 
lant (mass ratio 8:2). 
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p, atm 


Fig. 8 Predicted temperature sensitivity of burning rate of RDX/GAP pseudo pro- 
pellant (mass ratio 8:2). 


that the surface temperature increases linearly with increasing pressure on the 
logarithmic scale, but it is not very sensitive to initial temperature. It is under- 
standable because surface temperature is resolved by an energy balance, and the 
heat flux is strongly dependant on pressure but not initial temperature. Figure 10 
shows that the adiabatic flame temperature increases with both increasing pres- 
sure and initial temperature. The increase is not linear due to the limitation of 
grid resolution and the nonlinearity of chemical kinetics. Figure 1 1 shows that 
the melt-layer thickness decreases with increasing pressure but is not sensitive to 
initial temperature. In general, the melt-layer thickness decreases with increasing 



Fig. 9 Predicted surface temperature of RDX/GAP pseudo propellant (mass ratio 
8:2) at various pressures and initial temperatures. 
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Fig. 10 Predicted adiabatic flame temperature of RDX/G AP pseudo propellant (mass 
ration 8:2) at various pressures and initial temperatures. 


burning rate, but increases with the higher values of thermal conductivity of the 
propellant. As shown in Fig. 7, the burning rate is linearly dependant on pressure, 
and thus the pressure dependence of melt-layer thickness is also linear. The initial 
temperature of propellant does not exhibit a strong effect on the melt-layer thick- 
ness, because both the burning rate and thermal conductivity are not very sensitive 
to initial temperature. Figure 12 shows that the surface void fraction decreases 
with increasing pressure, but increases with increasing initial temperature. It is 
not surprising because the bubble formation strongly depends on the evapora- 
tion process, which is retarded at high pressures but enhanced at high initial 
temperatures. 



Fig. 11 Predicted melt-layer thickness of RDX/G AP pseudo propellant (mass ratio 
8:2) at various pressures and initial temperatures. 
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Fig. 12 Predicted surface void fraction of RDX/GAP pseudo propellant (mass ratio 
8:2) at various pressures and initial temperatures. 


Figures 13 through 17 show the effect of laser heat flux on the burning rate, sur- 
face heat flux, surface temperature, melt-layer thickness, and surface void fraction 
at pressure levels of 1, 10, and 100 atm. The laser represents an external heat flux 
absorbed by the propellant surface. Therefore, the burning rate and surface tem- 
perature increase with increasing laser heat flux. The effect decays with increasing 
pressure because the heat feedback from the gas phase increases with increasing 
pressure. The melt-layer thickness exhibits an opposite trend; it decreases with 
increasing burning rate, and its decreasing rate is consistent with the increasing 
rate of burning rate. Figure 17 shows the effect of laser heat flux on the surface 



Fig. 13 Predicted effect of laser flux on burning rate at various pressures. 
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Fig. 14 Calculated gas-phase heat feedback at propellant surface at various laser 
and pressure levels. 


void fraction, which is often visually observed by many researchers. Opposite to 
the heat feedback from the gas phase at high pressures, the laser heat flux increases 
bubble formation, up to 50% at the surface at 1 atm and 300 W/cm 2 . 

The final set of results shows the predicted effects of binder mass fraction on the 
combustion characteristics over a broad range of pressure and initial temperature. 
Here, it is possible to use the model to describe experimental observations. For ex- 
ample, the burning rate of pure GAP is higher than that of HMX, but the addition of 
GAP into HMX lowers the burning rate. 15 On the contrary, recent measurements 14 
show the enhancement of burning rate by adding GAP into RDX or HMX. Both 



Fig. 15 Predicted effect of laser flux on surface temperature at various pressures. 
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Fig. 16 Predicted effect of laser flux on melt-layer thickness at various pressures. 


observations have been reproduced by the model. Figure 18 shows the effects of 
initial composition and pressure on the burning rate of RDX/GAP pseudo propel- 
lants. The burning rate decreases in the case of higher GAP composition because 
GAP decomposition produces inert gases that dilute the concentrations of surface 
reactive species, and thus retard the heat feedback from the gas phase as shown 
in Fig. 19. It is evident that the heat feedback is the controlling factor for the 
burning rate in all of the cases without laser, because the pressure dependence of 
burning rate is similar to that of heat feedback. The addition of GAP changes the 
slopes (pressure dependencies) in Figs. 18 and 19, but not in a consistent trend. A 
small amount of GAP (10% by weight) increases the slope and makes the system 



Fig. 17 Predicted effect of laser flux on surface void fraction at various pressures. 
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Fig. 18 Predicted effect of propellant formulation on burning rate at various 
pressures. 


unstable, whereas more GAP (30% by weight) restores the slope to the pure RDX 
case but reduces the burning rate by more than 50%. Figure 20 shows the burning 
rate at 10 atm with various compositions and laser levels. The profiles of mass 
ratios 10:0 and 9:1 are very close, indicating the burning-rate change caused by 
addition of a small amount of GAP is negligible for laser heat fluxes ranging from 
100 to 300 W/cm 2 . For higher GAP compositions (20 and 30% by weight), the 
burning rates decrease at 100 W/cm 2 , but increase at 200 and 300 W/cm 2 . The ef- 
fect is more profound at low pressures since the conductive heat feedback from the 
gas phase is of less importance in the case of laser-assisted combustion. However, 



Fig. 19 Calculated gas-phase heat feedback to propellant surface at various compo- 
sition and pressure levels. 
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Fig. 20 Predicted effect of propellant formulation on burning rate at various laser 
and composition levels. 


more experimental data are required for model validation as well as an improved 
chemical kinetics mechanism of GAP decomposition. 


V. Conclusions 

A numerical analysis has been developed for studying the key physico-chemical 
processes involved in combustion of RDX/GAP pseudo propellants. The analysis 
is based on the conservation equations of mass, energy, and species for both the 
condensed and gas phases, and takes into account finite-rate chemical kinetics and 
real thermophysical properties. The model has been applied to a broad range of 
pressure and laser intensity with various binder compositions. Reasonably good 
agreement is achieved between the predicted and measured burning rate and species 
concentration profiles at a laser intensity of 1 00 W/cm 2 under atmospheric pressure. 
At low pressures, the laser heat flux exhibits a strong effect on the combustion 
characteristics such as surface temperature, burning rate, and melt-layer thickness. 
The effect declines at high pressures since the conductive heat feedback from the 
gas to the condensed phase becomes stronger. In this work, it is found that the 
addition of GAP does not enhance the burning rate for the case without external 
heat flux, even though the burning rate of GAP itself is higher than that of pure 
RDX. Conversely, with the assistance of external heat flux, the burning rate of 
pseudo propellants increases with the higher concentration of GAP when the laser 
intensity is high enough. 
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Chapter 2.12 


Energetic-Material Combustion Modeling 
with Elementary Gas-Phase Reactions: 

A Practical Approach 


Martin S. Miller* and William R. Anderson* 

U.S. Army Research Laboratory, Aberdeen Proving Ground, Maryland 


I. Introduction 

T HE past 10 years have seen an important paradigm shift in the modeling 
of energetic-material combustion. Models for which chemically nonspecific 
reaction formalisms were used have given way to models that promise to explain the 
detailed chemical nature of combustion through their explicit elementary-reaction 
mechanisms. The seminal prototypes for the chemically nonspecific models were 
developed during the Second World War by Parr and Crawford 1 and Rice and 
Ginell. Typically, these models considered a gasification reaction at the surface 
of the condensed phase and a single overall reaction in the gas phase; burning rates 
were computed by imposing the energy and species conservation equations in each 
phase and at the burning surface. A conceptual review of many of these models 
was given by Miller 3 and a review of their application to composite propellants 
was provided by Ramohalli. 4 These early models elucidate the interplay between 
the chemical and the physical phenomena that produce the observed patterns of 
burning-rate dependence on pressure and initial temperature and provide guidance 
in the choice of some physical features of composite-propellant formulation, such 
as oxidizer particle size. By their nature, however, they cannot give guidance 
for chemical formulation and the effects of chemical additives on performance. 
This role had to await the development of chemically specific descriptions of 
the combustion. Models with explicit chemical mechanisms now dominate new 
development activities and are the subject of this article. We confine ourselves here 
to steady-state combustion, although some recent work 5,6 has addressed the role 
of elementary reactions in ignition. 

The transition from overall reactions to detailed elementary reactions in the 
modeling of energetic-material combustion did not occur suddenly and, in fact, is 
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not yet complete. Thus far, the use of elementary reactions has been limited to the 
gas phase; our fundamental understanding of the condensed-phase processes does 
not allow more sophistication at present. In the interim, condensed-phase reactions 
have been treated as one or more overall reactions. Reaction mechanisms for the 
gas phase were first developed apart from any attempt to compute the burning 
rate. As early as 1965, Sotter 7 assembled a mechanism consisting of 12 species 
reacting by 17 reversible reactions to describe the secondary reaction zone of 
double-base propellants. He numerically integrated this mechanism, neglecting 
transport processes, and found order-of-magnitude agreement with experimentally 
determined induction times for the visible flame. Ermolin et al., in the early-to- 
mid- 1980s, worked out elementarv-reaction mechanisms for NH4CIO4 (Ref. 8 ) 
and cyclotrimethylenetrinitramine 9 (RDX), guided by mass spectrometric mea- 
surements in the flames of these condensed systems. 

Attempts to compute the burning rate of an energetic material by use of real- 
istic chemistry probably began with the treatment by Guirao and Williams 10 of 
NH 4 CIO 4 in 1971. Although the chemical mechanism consisted of 14 species and 
10 irreversible reactions, a small problem by today’s standards, computational 
tools at that time did not permit the simultaneous solution of the kinetics and the 
transport. A simplified simultaneous solution of kinetics and transport for a larger 
mechanism of 19 species and 60 reversible reactions was reported by Hatch 11 in 
1986 for nitroglycerine (NG). A significant advance in the computational tools 
available for work of this type occurred in 1985 with the publication and availabil- 
ity of the PREMIX code, a user-friendly, well-documented, one-dimensional, 
premixed-laminar-flame code. This code and its later improvements provide a 
high level of rigor to the description of gas-phase transport, allowing such sub- 
tle effects as thermal diffusion and multicomponent transport to be conveniently 
treated. Moreover, the description of thermodynamic functions, transport parame- 
ters, reactions, and reaction rates in this code is also very general, allowing a wide 
scope of kinetic representations and convenient updating. Melius 13 was the first 
to utilize the PREMIX code in a calculation of energetic-material burning rate, 
addressing the case of RDX. In the United States, as a result of several workshops 
by the U.S. Office of Naval Research and the U.S. Army Research Office start- 
ing in approximately 1987, a concerted effort was directed at understanding the 
physics and the chemistry of RDX as a prototypical system. This focus resulted 
in a number of further refinements of RDX modeling . 14-17 Extensions of these 
general methods have been made to include cyclotetramethylene tetranitramine 
(HMX ) 18,19 and glycidyl azide polymer 20 (GAP). To study the physical aspects 
of three-phase combustion, Miller 21 described a detailed chemical model applied 
to the combustion of frozen ozone as a prototypical energetic material for which 
very reliable kinetic and thermophysical data exist. 

The focus of this chapter is on models that compute the burning rate based on 
detailed elementary-reaction mechanisms in the gas phase. However, it is worth 
mentioning a few models that are chemically specific to some degree and utilize 
overall reactions to describe the gas phase. An early example of this type of model 
is that of BenReuven et al ., 22,23 who treated the combustion of RDX by using one 
overall reaction in the liquid phase, evaporation as the surface-gasification mech- 
anism, and two overall reactions in the gas phase. Another example was advanced 
by Bizot and Beckstead , 24 who considered double-base propellant combustion by 
using three overall reactions in the condensed phase and two overall reactions in 
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the gas phase. A recent model attempting to simplify the very complex chemistry 
involved in double-base propellants is that by Song and Yang. 25 Like the model of 
Bizot and Beckstead, the model of Song and Yang lumps species into categories 
such as aldehydes and oxidizers. Yet another approach in this vein was taken by Li 
and Williams, 26 who argued for the dissociation of HONO as the rate- limiting step 
in the primary gas-phase mechanism of RDX and then applied asymptotic analysis 
to compute the burning rate based on this one reaction. The relative simplicity of 
these models is appealing, but it will take time to determine the extent to which 
generality and even understanding is sacrificed. 


II. Conceptual Framework 

As stated in Sec. I, our primary interest here is in that class of models that strive to 
describe the gas-phase reactions as true elementary reactions, the rate coefficients 
for which are determined from independent kinetics experiments, reaction-rate 
theory, or thermochemical estimation methods. This restriction narrows the number 
of models to only four. 14,16,17,21 In this chapter we describe a fifth approach. In 
developing this new approach, we apply it to RDX. It is therefore helpful to review 
some of the details of the other RDX models 14, 16,17 (i.e., those in our restricted 
subset of model types). 

All three models 14,16,17 defer to the experimental work of Brill et al. 27 for a de- 
scription of the condensed-phase reactions in RDX. Brill and his coworkers found 
that RDX decomposes by two competing channels, R1 and R2 (see Table 1). Un- 
fortunately, their experiment was unable to distinguish among several possible R2 
paths, R2a, R2b, and R2c. Both Prasad et al. 16 and Davidson and Beckstead 17 
elected to use R2a for the second path. Liau and Yang 14 suggested and used in 
their model another interpretation of Brill’s measurements, R2d. One can see from 
Table 1 that the degree of endothermicity among the different R2 paths varies dra- 
matically. Unless condensed-phase reactions are unimportant to the deflagration 
of RDX, one would expect such differences to have a significant effect on the 
computed burning rate. Because the three models being considered differ in many 
details other than the condensed-phase reactions just discussed and the burning 
rates computed by each of the models agree quite well with experimental burning 


Table 1 Liquid-phase reactions in deflagrating RDX adopted by various models 


Reaction 

number 

Reaction 

Heat of reaction 
at 570 K, a 
kcal/mole 

Model 

R1 

RDX-f3CH 2 0 + 3N 2 0 

-47 

A11 14,I6,17 

R2a 

RDX -► 3H 2 CN 4- 3N0 2 

179 

Prasad et al. 16 ; 
Davidson and 
Beckstead 17 

R2b 

RDX -»■ 3HCN + 3HONO 

19 


R2c 

RDX ->• 3HCN + 3N0 2 + 3H 

257 


R2d 

RDX -*■ 3HCN + f NO + §N0 2 + f H 2 0 

34 

Liau and Yang 14 


“This is the computed surface temperature at 1 atm. 
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rates, it is impossible to see the effects of the different liquid-phase reactions in 
isolation. Nonetheless, it may be significant that the amounts of RDX decomposi- 
tion reported to occur in the condensed phase vary from as much as 40% (Ref. 16) 
to 25% (Ref. 17) to a limited amount 14 among these models. 

Our intention in this discussion is to highlight the fact that although the com- 
putational power now exists to treat condensed-phase reactions, our knowledge of 
these reactions (even at the level of overall descriptions, let alone an elementary- 
reaction description) is very limited at the present time. This uncertainty is not 
confined simply to the rate coefficients but extends to the very identities of both 
the reactants and the products involved in these reactions. We believe that these 
difficulties will not soon be resolved, and it is with this prospect in mind that we 
propose the following new and more practical approach. 

A key present difficulty with chemically specific models is the determination 
of the identity and the mole fractions of chemical species that first emerge from 
the condensed phase into the gas phase and their rates of formation. We show 
that, given this knowledge and a reaction mechanism for the gas phase, one can 
compute the burning rate. One additional requirement is an expression relating the 
burning rate to the surface temperature; this is discussed in Sec. III. Although there 
is an element of speculation required in identifying the chemical species emerging 
from the condensed phase, it is much reduced from having to speculate on the 
reactions occurring in the condensed phase and the rate coefficients of those reac- 
tions. Techniques to measure or calculate those condensed-phase processes are not 
likely to be realized soon; thus the semiempirical approach described here can be 
thought of as a practical, interim strategy, pending the development of definitive 
tools for investigating the condensed phase. With these enabling simplifications, 
the model can readily be adapted to many worthwhile purposes, including ex- 
perimental testing of gas-phase reaction mechanisms, computing the burning rate 
of multi-ingredient propellant formulations, and predicting the effect of chemical 
additives on the burning rate. 


III. Mathematical Framework 

We consider the one-dimensional, steady-state deflagration of a condensed sub- 
stance that is oriented in a coordinate system moving with the linear regression 
velocity such that the unreacted material at an initial temperature of To extends to 
x = -oo, the regressing surface is always at x — 0 with temperature T s , and the 
final gaseous combustion products at temperature 7/ are found at x = +co. The 
mass conservation equation can be integrated simply to give 


m= pu = p s r (1) 

where m is the mass burning rate or mass flux, p and u are the mass density 
and the mixture mass velocity at any point in the interval, respectively, p s is the 
mass density of the unreacted material at its initial temperature, and r is the linear 
regression rate of the surface. The continuity equation for each chemical species i is 
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Here T, is the mass fraction of the ith species, V, is the diffusion velocity of the 
i th species, c'o, is the molar production rate by reactions of the ith species per unit 
volume, and W ( - is the molecular weight of the ith species. Finally, the equation 
of energy conservation for this system is 

d / dT\ d T ^ A 

fcVfc)~ rh ~ Cp lh-^' pYi ViCpi ~ ^ “ ihi = 0 (3) 

' / i i 

where A. is the mixture thermal conductivity, c p is the mixture specific heat, c p . 
is the specific heat of the /th species, h t is the enthalpy of the ith species, and N 
is the total number of species being considered. 

These equations are to be solved in the condensed and the gas phases and their 
solutions matched through appropriate boundary conditions at the surface. In the 
condensed phase the energy boundary conditions are 


T = T 0 at x = — oo, 

T = T S 

at 

x = 0 

(4) 

and the species boundary conditions are 





II 

■ i 

8 

pa 

* 

II 

1 

8 

y, = y-° 

at 

x = -0 

(5) 

In the gas phase the energy-equation boundary conditions are 


T = T s at * = +0, 

e-|Si 

ii 

o 

at 

x = Too 

(6) 

and the gas-phase boundary condition on each species 

is 



Yi = Y+° at x — +0, 

§-• 

at 

x = Too 

(7) 


At the surface between these two regions the continuity of species and energy flux 
is guaranteed by the following two boundary conditions. Continuity of species flux 
at the surface is expressed by 


mYr° T p c Yr°V-° = mY^ + p g Y+°V+° (8) 

where the superscripts —0 and +0 and c and g refer to the condensed and the gas 
sides of the surface, respectively. Continuity of the energy flux across the surface 
boundary is expressed by 

M d i)° +rh t *rV +Pcjt yr°vrX° 

= +^e y . + v° +p s it (9) 

' ' i i 

The preceding, quite general equations are the starting point for our simplifica- 
tions. In the gas phase these conservation equations are solved numerically with 
the PREMIX code 12 as a subroutine; thus the gas phase is treated with full rigor 
in our model. In the condensed phase we assume 1) that there are no in-depth 
chemical reactions, and 2) molecular diffusion is negligible. 



506 


M. S. MILLER AND W. R. ANDERSON 


With these assumptions the energy equation in the condensed phase reduces to 

( 10 ) 


_d_ 

cbr 




Integrating this equation from x = — oo to —0, one obtains 


/ j T \ — 0 N N 

( d7 ) = " £ Y ‘~° h ^° - “ £ Y ‘ r °° h ^ 

' ' i i 


Substituting Eqs. (11) and (8) into Eq. (9), one obtains 


/HT\ +0 N 

' ' I 


(ID 


( 12 ) 


This is the form of the energy-flux boundary condition used in the model developed 
in this study. Note that one does not need to know the enthalpies of the species on 
the condensed-phase side of the surface at T s , only their mass fractions there. This 
is important because heats of desorption of the nascent gas-phase species may be 
difficult to estimate. We are not aware of this form of the energy-flux boundary 
condition ever having been previously published, perhaps because of the novelty of 
the present context of a single overall condensed-phase reaction being coupled to 
a full elementary-reaction description of the gas-phase. This equation enables our 
treatment. Note also that neither the thermal conductivity, the mass density, nor the 
specific heat of the condensed phase at temperatures near the surface is required; 
the values of all these quantities are very uncertain. Only the specific heat and the 
mass density of the unreacted material over the range of initial temperatures are 
required, at least for purposes of computing the burning rate. Of course, if one needs 
the temperature profile through the condensed phase, then a further integration with 
values for these parameters over the full condensed-phase temperature range will 
be required. 

To compute a burning rate, one must supply the enthalpy and the mass density of 
the unreacted energetic material over the range of initial temperatures, a set of prod- 
ucts (species and mole fractions) of the condensed-phase decomposition, a rate of 
appearance of these decomposition products as a function of surface temperature, 
and finally an elementary reaction mechanism through which these decomposi- 
tion products react in the gas phase. The condensed-phase decomposition products 
become the initial or nascent gas-phase reactants. 

As pointed out in our conceptual-framework discussion, the identities of the 
condensed-phase reaction products are not known with completeness, even for 
the relatively well-studied case of RDX. For most other energetic materials, the 
situation is worse still. The only clear constraint we have in constructing this species 
set is elemental balance. Therefore, from the universe of possible product sets, that 
is, those leading to a balanced overall reaction, one must select the plausible ones 
based on experimental knowledge of these product identities and concentrations, if 
available, or based on theoretical consideration of likely reaction paths. In general 
one may expect to confront a multiplicity of such plausible product sets. One 
might then simply pick the one that best reproduces the experimental burning rate 
or take an average of the product sets based on the assumption of equal a priori 
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Fig. 1 Demonstration of the universality of the pyrolysis law for double-base propel- 
lants based on the work of Zenin. 28 



probabilities of occurrence. In any case, one can improve the chosen decomposition 
set as new experimental data or theoretical insights become available. 

The final type of information required for computing a burning rate is the rate 
of appearance of the condensed-phase decomposition products. For this we appeal 
to the very old notion of an Arrhenius-like expression* relating the burning rate to 
the surface temperature, that is, 

m = A s e~ E ‘ /RTs (13) 

Such an expression has often been termed a “pyrolysis law” in the propellant- 
combustion literature. There are other forms of this expression in use, 28 29 
but the aforementioned form preserves the dominant functionality without ad- 
ditional (probably uncertain) data and, in fact, is chosen in preference to others 
by Zenin 28 to represent his experimental determination of surface temperatures vs 
burning rates for a range of double-base propellants. Zenin found that this form 
provides a universal representation for double-base propellants of different ingre- 
dient proportions (see Fig. 1). It is this universality for a given class of propellants 
that impels us to adopt it here as a formalism for the rate of appearance of the 
condensed-phase decomposition products. In the case of double-base propellants, 
the mechanism for surface regression is likely to be reactive in nature because of 
the polymeric character of the nitrocellulose molecules. That the pyrolysis law 
in the form of Eq. (13) also proves appropriate to a purely evaporative surface 
regression mechanism can be seen in Fig. 2. Here the surface temperature for the 
three-phase deflagration of frozen ozone was computed based on nonequilibrium 
evaporation driven by heat feedback from gas-phase reactions. 21 The steady de- 
flagration of RDX is also believed to be predominately the result of evaporation. 14 
A best-fit pyrolysis law (in the least-squares sense) for RDX that uses the surface- 
temperature and the burning-rate data of Zenin 28 is shown in Fig. 3; again, the fit 
is quite reasonable. 


IV. Example: Frozen Ozone 

Our first example of the application of this new model is that of the self-sustained 
deflagration of frozen ozone. Using the pyrolysis law previously determined from 
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Fig. 2 Quality of fit of a pyrolysis law to an evaporative regression mechanism cal- 
culated from a first-principles treatment of frozen-ozone deflagration. 21 


a first-principles model, 21 we compute the burning rate by the new model and 
compare it with the burning rate computed by the first-principles model to test for 
consistency. Such a test is not as trivial as it might seem. The calculational details in- 
volving the evaporative surface-regression mechanism of the first-principles model 
is considerably more complicated than that involved in the new model. However, 
the evaporation process is characterized by an energy barrier (heat of vaporization) 
and the assumption of local thermodynamic equilibrium introduces a Boltzmann 
factor; this suggests that the process may be controlled by an Arrhenius-like term. 
On the other hand, the evaporation-mechanism equations 21 do not lead to such 
a simple expression, although an Arrhenius-like dependence on temperature evi- 
dently does have an implicit relevance, given the excellent fit of the pyrolysis law 
observed in Fig. 2. 
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Fig. 3 Pyrolysis law for RDX derived from Zenin’s experimental data. 28 
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Fig. 4 Comparison of the burning rates for frozen ozone computed by the new model 
developed here and the previously published first-principles model. 21 


Because any condensed-phase reactions in liquid ozone are too slow to influence 
the deflagration rate, the mechanism of surface regression is evaporation driven by 
heat released in gas-phase reactions and conducted back to the surface. In this situa- 
tion the nascent gas-phase species is evaporated ozone, i.e., Yq° = 1 . Coupling this 
with the fitted pyrolysis law just described and the reaction mechanism consisting 
of three reversible reactions, we have computed the frozen-ozone burning rate by 
our new model for comparison with that computed by the first-principles model. 21 
Figure 4 shows that the agreement is excellent. The first-principles model in this 
case includes thermal diffusion and multicomponent transport, and the numerical 
grid spacing is fine enough that the burning rates are computed to within a few 
tenths of a percent accuracy. Also, the central-differencing option was selected. 
Thus the success of both the pyrolysis law and the new model is based on a high 
level of computational rigor. The dominant chemical steps occurring in the gas 
phase for the ozone case are thoroughly discussed in Ref. 21 . 


V. Example: RDX 

As discussed in Sec. II, the condensed-phase decomposition paths for RDX are 
uncertain. Evaporation was determined to be the overwhelmingly dominant mech- 
anism by Melius, 13 and Liau and Yang 14,15 and at least predominant by Davidson 
and Beckstead 17 and Prasad et al. 16 We therefore examine the consequences of as- 
suming in our model that the surface-regression mechanism is purely evaporative. 
Thus, by analogy to the preceding ozone case, vapor-phase RDX is assumed to 
be the sole species emerging from the surface; mathematically this is expressed 
as Jrdx = 1 • The pyrolysis law is obtained by a linearized least-squares fit to the 
experimental data of Zenin 28 and is illustrated in Fig. 3. 

The enthalpy of the solid at the initial temperature is determined as follows. The 
specific heat of solid RDX is obtained by a least-squares fit of a linear temperature 
function to the data of Shoemaker et al. 30 combined with that of Miller. 31 The 
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Temperature (K) 


Fig. 5 Linear least-squares lit of the specific heat data of Miller 31 and Shoemaker 
et ai. 30 for solid RDX over a range of initial temperatures. 


fit is shown in Fig. 5, and its parameters are in Table 2. This functional form of 
the specific heat is integrated over temperature to determine the enthalpy of solid 
RDX, with the value of the heat of formation at 298 K used to obtain the integration 
constant. This treatment differs from that of Liau and Yang 14 and Liau 15 in that 
their model assumes a constant value of specific heat. 

The reaction mechanism (the second model of Prasad et al. 16 ), thermodynamic 
data, and transport data for this case are taken from the work of Liau. 15 The 
burning rate (Fig. 6), temperature (Fig. 7), and species profiles (Fig. 8) computed 
by the present model at an initial temperature of 293 K agree very closely with 
that computed by the Liau model. (Liau kindly made his code available to us for 
our use. All calculations in this article attributed to the Liau model 15 were made 
with the code version dated 13 February 1997.) We emphasize that the gas-phase 
reaction mechanisms, species thermodynamics, and transport parameters in both 
models are identical; only the treatment of the condensed phase and the surface- 
gasification mechanism are different. The model burning rates are also seen to 
compare favorably with the experimental data of Miller (M. S. Miller, U.S. Army 
Research Laboratory, unpublished data), Zenin, 28 Ulas et al., 32 Homan et al., 33 and 
Atwood et al., 34 also shown in Fig. 6. 

In the RDX case we have sought to minimize nongermane computational 
differences between the new semiempirical model and that of Liau and Yang. 
Their choice of the windward-differencing option, numerical-grid options, and 


Table 2 Values of condensed-phase parameters used in RDX calculations 


Value 

Description 

= 6. 134 x 10 5 g/cm 2 • s 

E s — 18,539 cal/mole 
p s = 1 .66 g/cm 3 

IF RD x =222.118 g/mole 

AH} 9iK = 14,690 cal/mole 

solid = 0.03604 

+ (7.105 x 10 -4 ) T cal/g- K 

Exponential prefactor in pyrolysis law (see text) 
Activation energy in pyrolysis law (see text) 

Mass density of pressed solid used in experiments 28 
RDX molecular weight 

RDX heat of formation at 298 K 

Specific heat of solid RDX over temperature 
range 260-400 K (see text) 
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Fig. 6 Comparison of burning rates for RDX computed by the new model with 
those computed by Liau 15 and with experimental data (see text for experimental data 
references). 


suppression of the thermal-diffusion and multicomponent-transport options in 
PREMIX were selected for our calculations as well. 

The dominant reaction paths for RDX flames have been discussed previously , 13 
and although the reaction mechanism has been expanded and refined since that 
study, we believe that the conclusions have not changed significantly. Hence, no 
new dominant-path analysis for RDX is given here. However, a brief explanation is 
now given for the slight rise in temperature above the adiabatic equilibrium value 



Fig. 7 Temperature profiles for RDX at 1 atm and 293 K computed by the new model 
compared with those of Liau. 15 
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Fig. 8 Species profiles for RDX at 1 atm and 293 K computed by the present model 
(solid curves) compared with those of Liau 15 (dashed curves). 


late in the flame zone, as seen in Fig. 7. This behavior is surprising compared with 
that of 02 /fuel combustion in which the temperature rise is monotonic; however, it 
is quite typical of flames oxidized by N 2 O and NO 2 . In O 2 flames, there is typically 
an overshoot of H, O, and OH concentrations late in the flame zone above their 
eventual equilibrium values. In OH/O 2 flames, this overshoot is caused by the 
radical chain-branching reactions: 

H -f- O 2 — ^ OH O 
ch 3 + 0 2 ->• CH 3 O + o 

As this excess of radicals recombines in the burned-gas region, heat is released 
and the temperature continues to rise to the adiabatic equilibrium value. For N 2 O- 
and N02-oxidized flames, these chain-branching reactions are absent. Toward the 
end of the flame zone, the radical concentrations are usually somewhat below 
their eventual equilibrium values. To reach the final equilibrium concentrations of 
radicals, stable species slowly decompose in the bumt-gas region, absorbing heat 
in the process and lowering the final temperature to the equilibrium value. For the 
case in Fig. 7, our calculations show that H, O, and OH concentrations rise by 
factors of 2-5 between 800 and 2000 /im. Over this same region the temperature 
drops by ~ 1 00 K. A similar result was observed in computations for a low-pressure 
H 2 /N 2 0/Ar flame. 35 
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VI. Example: Nitroglycerine 

Relatively little information is available on the thermal decomposition pathways 
of nitroglycerine (NG). We examine it here in the context of the new semiempirical 
buming-rate model because it represents a case of intermediate chemical complex- 
ity, it continues to play an important role in gun propellants, and it is a substance for 
which experimental buming-rate data exist. Vital also is the fact that we could as- 
semble a gas-phase reaction mechanism with relatively few changes from that pre- 
viously developed for the dark zone of nitrate ester and nitramine propellants. 6 37 
This was accomplished by adding only one additional species, CH 2 O, and its as- 
sociated reactions. The resulting mechanism (labeled DB1 1 here) is given in the 
Appendix and consists of 35 species and 178 reversible reactions. 

For the pyrolysis law we simply use the universal double-base law determined 
by Zenin 28 and shown in Fig. 1 . Double-base propellants, of course, consist pri- 
marily of different proportions of NG and nitrocellulose. Although NG is therefore 
one limiting case of a double-base propellant, there is not necessarily a reason to 
suppose the double-base pyrolysis law to be applicable to NG solely on this ac- 
count. However, both NG and nitrocellulose are nitrate esters whose likely first 
step in decomposition is an NO 2 scission; if this were a rate-limiting step, then one 
might expect the decomposition rates for NG and nitrocellulose to be similar. This 
argument may, in fact, be the underlying reason for the apparent universality of the 
double-base pyrolysis law. In any case, we have to let the results be the ultimate 
justification for this assumption. 

A major source of ambiguity in applying the new model to NG is the identi- 
fication and the quantification of the condensed-phase decomposition products, 
which are the nascent gas-phase species. As suggested previously, this is a sit- 
uation in which one must examine a number of possibilities (consistent with a 
balanced reaction) and, ideally, arbitrated by broad theoretical reasoning. Again, 
the results must be the ultimate justification for this choice. We have given values 
of condensed-phase parameters in Table 3 and have examined the use of three sets 
of condensed-phase decomposition products for the NG case (see Table 4). The 
first set is motivated by the only other elementary-reaction treatment of NG of 
which we are aware. Hatch 11 assumed, without attempting justification, that NG 
decomposed by the path indicated in Table 4. We have not found a way to ratio- 
nalize this path theoretically, but considered it worthwhile to consider it anyway 
based on its previous use. A second path, given in Table 4, was hypothesized by 
J. B. Levy (in personal communication with Eli Freedman, U.S. Army Research 
Laboratory) based on theoretical considerations. The steps in NG decomposition 


Table 3 Values of condensed-phase parameters used in NG calculations 


Value 

Description 

Aj = 1.8 x 10 3 g/cm 2 • s 

E s = 9935 cal/mole 
p s = 1.59 g/cm 3 

Vk NG = 227.087 g/mole 

A Hf SK = -88,600 cal/mole 
c Hqu.d = 0.2975 cal/g-K 

Exponential prefactor in pyrolysis law (see text) 
Activation energy in pyrolysis law (see text) 
Mass density of liquid NG 

NG molecular weight 

NG heat of formation at 298 K 

Specific heat of liquid NG 
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Table 4 NG condensed-phase decomposition paths considered 


Overall NG decomposition path 

Reaction path label 

NG (C 3 H 5 N 3 O 9 ) -> 3N0 2 + 2CH 2 0 + HCO 
NG -> 2N0 2 + HONO + 2CH 2 0 + CO 

NG -► 3HONO + 2HCO + CO 

Hatch 1 1 

Levy (see text) 
MSM4 


proposed by Levy are illustrated in Fig. 9. A third set (MSM4) of decomposition 
products is also given in Table 4 and used to compute burning rates. No theoretical 
justification based on a detailed sequence of paths is offered for this set but, as 
will be seen, it does lead to good agreement with experimental rates. One of our 
aims in considering a number of condensed-phase reaction paths is to gauge the 
sensitivity of the computed burning rate to the choice of path. 

The results of the burning-rate calculations made with each of the above sets 
of condensed-phase decomposition products at an initial temperature of 298 K 
are shown in Fig. 10. Also shown in the figure are the experimental burning rates 
measured by Andreev 38,39 and Andreev et al. 40 The MSM4 decomposition-product 
set leads to very good agreement with the experimental burning rates over a wide 
range of pressure. It is also of interest to note that the burning rate can vary by as 
much as an order of magnitude among the possible decomposition-product sets 
that we have considered. This finding could be of considerable importance to the 
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Fig. 9 Mechanism for condensed-phase decomposition of NG proposed by Levy. 
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Pressure (MPa) 

Fig. 10 Computed NG burning rates at 298 K for different decomposition paths 
by use of new semiempirical model compared with experimentally measures rates of 
Andreev 38 ’ 39 and Andreev et al. 4# 

tailoring of propellant burning rates for specific purposes if one could find a way 
to actively influence the decomposition pathways in the condensed phase. 

In all of the calculations presented here involving NG (including those of 
Sec. VII) the windward-differencing option and the suppression of the thermal- 
diffusion and multicomponent-transport options were selected. The numerical grid 
options were such that the burning rates presented are numerically accurate to ~2% 
or better. 

Because this is the most extensive detailed chemical modeling of NG combustion 
ever performed, a detailed analysis of the gas-phase flame for one condition is 
presented. The case chosen is for pure NG at 10 atm and an initial temperature 
of 298 K, with the assumed MSM4 product set (3HONO + 2HCO + CO). This 
is the product set that yields the best agreement between predicted burning rates 
and experiment (see Fig. 10). Pathway diagrams, shown in Fig. 11, have been 
constructed for this case by a postprocessor code, PREAD, written at the U.S. 
Army Research Laboratory for the PREMIX code. To obtain these diagrams, the 
rates were first integrated over distance from the propellant surface to 0.030 cm. 
This region, which we term the primary reaction zone, includes all of the near 
surface flame up to the leading edge of the dark zone, as determined by plateaus in 
temperature and key species, e.g., NO, concentration profiles (not shown). Use of 
the integrated rates gives a concise global picture of the chemistry in this region. 
We caution the reader, however, that the flame is quite structured in this region, 
having five separate peaks in the heat release profile! A complete discussion of this 
structure is outside the scope of this chapter, but some remarks about the structure 
are contained in the following discussion. The chemistry of the dark zone of NG, 
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a) Carbon-chemistry dominant pathways 



HNO 

b) Nitrogen-chemistry dominant pathways 


Fig. 11 Identification of dominant chemical pathways for NG at 10 atm and 298 K 
by use of the MSM4 product set. Numbers in parentheses are the relative rates of 
each reaction integrated over the primary reaction zone (0-0.030 cm). A value of 
100 in relative units equals 8.817 x 10 -3 mole/cm 2 • s. The thicknesses of the lines are 
proportional to the total, relative, integrated rates for each path. 


the region of low gradients in species concentration and temperature between the 
primary flame and the secondary, or visible flame, is similar to that for double-base 
propellants. That case has been discussed elsewhere. 36,37 

The conversion of HCO to other species is very rapid, which is not surprising 
considering its radical nature. This conversion takes place very close to the surface, 
occurring within the first 0.001 cm. As shown in Fig. 11a, most of the HCO is 
converted to CO by unimolecular decomposition or by reaction with NO, H, or 
NO 2 . However, a portion of the HCO is temporarily converted to CH 2 O, primarily 
by reaction with HNO. The CH 2 O, being much less reactive than HCO, survives 
further into the primary flame. Later in the primary reaction zone, the CH 2 O is 
converted by reaction with OH and H back into HCO; the HCO formed in this 
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way never builds to an appreciable concentration but instead is converted to CO 
or CO 2 first stage products. 

The nitrogen chemistry is considered in Fig. lib. As with HCO, the conver- 
sion of HONO to other species begins rapidly near the surface because of its 
direct reaction with a portion of the HCO, forming NO 2 and CH 2 0. However, 
only a small portion of the available HONO reacts before the depletion of the 
HCO. Instead, most of the HONO conversion is delayed, occuring mainly be- 
tween 0.001 and 0.015 cm. A portion of the HONO is converted directly to NO 
by means of unimolecular decomposition. However, much of it is first converted 
to NO 2 by means of reaction with OH, H, or HCO. Curiously, the conversion 
of N0 2 to NO takes place mainly after the burnout of the HONO. Ordinar- 
ily, in combustion involving NO 2 as a major species, it is found that the N0 2 
conversion to NO by reaction with H atoms is so fast that it occurs at a very 
early point and it controls the radical pool concentrations. However, here the 
HONO + M = NO + OH + M reaction is the major radical source, the HONO con- 
centration in the region is large, and the HONO + OH rate constant is also large. 
This leads to HONO + M = NO + OH + M and HONO + OH = H 2 0 + N0 2 , 
rather than N0 2 + H = NO + OH, being the major nitrogen pathways close to 
the surface. The NO 2 formed early in the flame from HONO reacts higher in the 
flame, after the HONO is gone. N0 2 is converted to NO primarily by H atom 
reaction, but there are also important contributions from HNO, HCO, and CO 
reactions. NO, the only nitrogenous species surviving into the dark zone, may be 
viewed as the nitrogenous product of the first-stage combustion. The concentration 
of HNO is small except very close to the surface. It appears that although their 
concentrations are small, HNO and NO play important roles in a catalytic cycle 
for the near surface HCO conversion, as is discussed below. 

More information concerning the importance of the various reactions to the 
predicted burning rate may be obtained from sensitivity analysis. The sensitivity 
coefficient of the temperature at a given spatial grid point to a particular reaction 
rate is defined as 



where A, is the A factor of the ; th reaction, T is the temperature at the point 
of interest, and T m is the maximum temperature observed in the entire solution. 
The second grid point in the solution is chosen as the point of interest because 
this one has special significance. The burning rate is strongly controlled by the 
amount of heat feedback from the gas-phase reactions to the propellant. The heat 
feedback rate is in turn primarily controlled by the temperature gradient at the 
propellant surface. Thus the magnitude of rate constants for reactions that have 
a high temperature sensitivity at the second grid point in the solution must have 
a strong influence on the computed burning rate. In fact, to a good approxima- 
tion, the sensitivity coefficient of the heat feedback is simply proportional to 
the sensitivity coefficient of the second grid point. The first-order temperature 
sensitivities for the second gas-phase grid point of the solution (and the heat 
feedback) is given in Table 5 for those reactions with relative values above 3. 
For the coefficient of the second grid point, a relative value of 100 equals an 
absolute value of 7.769 x 10~ 4 . A positive temperature sensitivity coefficient in- 
dicates that an increase in the reaction-rate coefficient will result in an increase 
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Table 5 Relative sensitivity coefficients of the temperature 
gradient at the surface to the most sensitive reactions (in rank 
order) for NG with MSM4 product set at 10 atm and 298 K 
initial temperature 9 


Reaction 

number 

Reaction 

Relative sensitivity 
coefficient 

33 

HCO + M^H + CO + M 

100 

139 

H 2 + N0 2 ^H0N0 + H 

46.2 

4 

NO + OH + M ^ HONO + M 

29.4 

34 

H + HCO^Hj + CO 

-26.4 

178 

HCO + N0 2 ^H + C0 2 + NO 

23.6 

175 

HCO + HNO ^ CH 2 0 + NO 

21.3 

177 

HCO + N0 2 ^ CO + HONO 

-21.3 

176 

CH 2 0 + N0 2 ^ HCO + HONO 

19.6 

128 

h+hno^h 2 + no 

-15.9 

147 

HCO + NO ^ HNO + CO 

-4.97 

157 

H + CH 2 O^HCO + H 2 

-3.94 

64 

no 2 +h^no+oh 

3.17 


a Positive values indicate reactions that increase the temperature gradient when 
the rate coefficient for the reaction is increased. 


in temperature at point 2, and such an increase is expected to increase the burn- 
ing rate. Note that the largest sensitivity is for HCO + M = H + CO + M. This 
is not surprising, as the reaction not only converts HCO to a final product, but 
produces the highly reactive H atom. Sensitivities of most of the other reactions 
can also be rationalized by their effects on the radical pool or formation of final 
products with release of heat. The only one whose high, positive sensitivity has 
been difficult to rationalize is the second one on the list, H 2 + NO 2 — HONO + H. 
This reaction is reversed throughout the entire calculational domain (see, e.g.. 
Fig. lib). Its reversal is not surprising because one starts with HONO in the 
MSM4 decomposition-product set. Ordinarily, because this reversed reaction con- 
verts a highly reactive H atom to a comparatively unreactive species, one would 
expect the corresponding sensitivity would be negative. It seems likely that the 
explanation for the positive sensitivity is the formation of NO 2 , which in turn 
leads to NO and HNO formation close to the surface. NO and HNO take part 
in a catalytic cycle for rapid HCO conversion to CO and CH 2 O in this re- 
gion (see Fig. 11, both parts). This conversion occurs by means of reactions 
HCO + NO = HNO + CO and HCO + HNO = CH 2 O + NO, releasing consider- 
able heat near the surface. 

Rate constants of most of the highly sensitive reactions in Table 5 are well 
established. Three exceptions are R175 (HCO+ HNO = CH 2 O + NO), R178 
(HCO + N0 2 = H + C0 2 + NO), and R1 77 (HCO + N0 2 = CO + HONO). The 
rate-constant expression for R175 has especially large error limits. It is an esti- 
mate that is due to Tsang and Herron, 41 who obtained it based on comparison with 
similar reactions. Rate-constant expressions for R177 and R178 were obtained 
from Lin et al. 42 The expressions were computed based on ab initio and tran- 
sitional state-Rice-Ramsperger-Kassel-Marcus theories. This approach should 
yield reasonable estimates, but experimentation is desirable. 
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VII. Effect of Chemical Additives on the Burning Rate 

It has always been hoped that theoretical modeling might some day contribute 
to solving the problem of the effects of chemical additives on the burning rate of 
propellants. However, only with the relatively recent advent of chemically specific 
modeling with elementary reactions was there any real prospect for realizing these 
hopes. In this section we demonstrate that theoretical guidance useful to the pro- 
pellant formulator, namely, the effect of additives on the burning rate, is becoming 
feasible. 

As a first demonstration of the effects of additives on propellant flames, we took 
the converged values of burning rate (0.394 cm/s) and surface temperature (628 K) 
obtained in a calculation of NG at 10 atm by using the Levy decomposition- 
product set and the DB 1 1 reaction mechanism as our starting conditions for a 
series of steady premixed flames with several different additives. A 10% mole 
fraction of NH 3 was then added to the Levy product set (reducing the original 
product mole fractions proportionately). The flame structure was then computed 
and compared with the pure NG case. The result is shown in Fig. 12. The two- 
stage flame structure is known to occur because of the reduction of HONO and 
NO 2 to NO in the primary reaction zone (next to the surface) and the subsequent, 
slower reduction of NO to N 2 in the secondary reaction zone (at the end of the 
dark zone). The secondary reaction zone is also known as the secondary flame or 
the visible flame. In Fig. 12 one can see that the secondary gas flame for the pure 
NG case stands off from the surface by ~1 cm. (Note that the distance scale is 
logarithmic.) This is typical of the dark-zone length of double-base propellants. 
When the NH 3 is added, the dark zone collapses by a factor of ~5. Also, the 
heat feedback increases by 31%. Normally, when the heat feedback increases, one 
can expect the burning rate to increase as well. The effect NH 3 has on the dark- 
zone length may explain why M30 (29% nitrocellulose, 22% nitroglycerine, 47% 
nitroguanidine, 2 % stabilizer) bums with no apparent dark zone, unlike any other 
gun propellant. A major ingredient in M30 is nitroguanidine (NQ), which may be 
expected to supply NH 2 on decomposition. The chemical rationale for this effect 
is discussed later in this section. A case with 10% N 2 added is shown in Fig. 12 for 
comparison. The N 2 has its expected diluent effect, lowering the heat feedback by 



Fig. 12 Effect of two additives, NH 3 and N\, on the flame structure of NG at 10 atm 
and 298 K by use of Levy’s decomposition-product set. Surface temperature and mass 
flux are fixed at 628 K and 0.626 g/cm 2 • s, respectively, for all cases. 
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28% but having relatively little effect on the dark-zone length. Liau 15 performed 
a similar study of the effect of various additives on the dark zone of RDX. 

A more systematic approach is needed to compare the effects of one additive 
with another in a quantitative sense. Adopting a propellant formulation strategy 
of adding enough additive to bring the mixture to a zero oxygen balance affords 
a rational method of determining the amount of each additive appropriate for 
comparison purposes. The oxygen balance is defined as that amount of oxygen 
one must add or subtract to have all oxygen appear in either H 2 O or CO 2 . NG has 
a positive balance of 3.5%, that is, it has an oxygen surplus. Thus we compute that 
we must add one third of a mole of NH 3 to effect a neutral oxygen balance for each 
mole of NG. For comparison we examine two other potential additives, CH 2 O and 
H 2 . We are, of course, limited here to those fuel molecules that are already in our 
reaction mechanism. 

Additional assumptions are required for modeling the effects of condensed- 
phase mixtures of ingredients. The mass density of the mixture is computed by the 
method of additive partial molar volumes, that is, 


Pmix — 


w. 


avg 


Z,x,v, 


(14) 


where lV avg is the average molecular weight, X, is the mole fraction of ingredient i , 
and Vj is the molar volume of ingredient i . This quantity is important in calculating 
the linear burning rate from the mass burning rate. Second, we assume that the 
starting mixture enthalpy is given by the weighted sum of the ingredient enthalpies. 
This is a reasonable approximation to make, but it ignores any enthalpy of mixing 
or solution contributions; there is also some ambiguity as to what state is best to 
use for the additive enthalpy. Finally, we must, of course, assume that the pyrolysis 
law is unchanged as a result of these additives. This assumption is reasonable in 
view of the small amount of each additive. 

The results of the additive computations are given in Table 6 for the Levy 
decomposition-product set and in Table 7 for the MSM4 decomposition-product 
set. The enthalpies of all the additives in Tables 6 and 7 at 298 K are taken as that 
for the gas phase. It should be noted that this assumption could have important 
consequences for the computed burning rate. For example, if the enthalpy for NH 3 
liquid at 298 K is used, the linear burning rate increases by only 12%. This smaller 
increase reflects the additional energy requirement of the heat of vaporization. 
Clearly the calculation of the unreacted-mixture enthalpy may require a more 
sophisticated theoretical treatment. In interpreting the small percentage differences 
shown in these tables, one should bear in mind that the numerical accuracy of these 


Table 6 Effect of different chemical additives on the burning rate of NG at 
10 atm and 298 K, assuming the Levy decomposition-product set 


Additive 

Weight % 

Linear burning 
rate, % increase 

Mass burning 
rate, % increase 

Heat feedback, 
% increase 

NH, 

2.4 

19 

15 

19 

ch 2 o 

3.2 

1 

-1 

-5 

h 2 

0.44 

1 

-8 

-6 
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Table 7 Effect of different chemical additives on the burning rate of 
NG at 10 atm and 298 K, assuming the MSM4 decomposition-product set 


Additive 

Weight % 

Linear burning 
rate, % increase 

Mass burning 
rate, % increase 

Heat feedback, 
% increase 

nh 3 

2.4 

16 

12 

14 

CHiO 

3.2 

7 

5 

2 

h 2 

0.44 

2 

-7 

-6 


calculations is no worse than 2 %; thus some of the smaller effects found may not 
be significant. 

Through sensitivity and rate analysis we were able to identify the chemical 
mechanism for the buming-rate enhancement of NG by NH 3 . Essentially, NH 2 
reduces NO to final product N 2 by the following two most important paths: 

NH 2 + NO -> NNH + OH 

-»• n 2 + h 2 o 

The NNH thus formed rapidly decomposes to N 2 + H. The reaction therefore leads 
to chain branching, which may be important to the buming-rate enhancement in 
addition to the increased NO conversion rate to N 2 . The NH 2 is formed from NH 3 
predominately by the reaction 

NH 3 + 0H->NH 2 + H 2 0 

This mechanism reinforces our speculation that M30 forms no dark zone because 
of the presence of an amino group on the NQ. 


VIII. Speculations on Practical Burning-Rate Modifiers 

The mechanism of NH 3 action in Sec. VII invites a further discussion of the M30 
case. With NH 3 -modified NG we found both a collapse in the dark-zone length 
and a significant boost in the burning rate. M30 has no dark zone, consistent with 
our NH 3 -modified NG case, but it bums no faster than a single-base propellant and 
slower than a double-base propellant, a fact that appears to be inconsistent with 
our model calculation. This apparent inconsistency might be explained as follows. 
It is likely that the large percentage of NQ present in M30 is responsible for the 
lack of buming-rate enhancement because it acts to lower the flame temperature 
of the propellant. Hence the cooling effect might outweigh the rate-acceleration 
effect for such major proportions of NQ. We would expect that if a small amount of 
NQ, say 2-5%, were added to either a single- or a double-base propellant, then the 
burning rate would be increased and the dark-zone length diminished. Of course, 
some of the benefit of the NH 2 from NQ could be hindered by the energy required 
either for breaking down its parent molecule or getting it into the gas phase, as 
could be seen in our model calculation’s sensitivity to the NH 3 starting enthalpy 
state. Nonetheless, here is a concrete, theoretically inspired idea that could easily 
be tested. Thus, although the model needs to be further refined and expanded, it 
can already provide insights of potential worth to the propellant formulator. 
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It should also be remarked that the propellant formulator may find it expedient 
to tailor decreases in the burning rate as well as increases. For example, it has 
been found 43 that for layered propellants one would like to achieve at least a 3:1 
ratio in the rates of the two-layer materials in order to achieve desired perfor- 
mance enhancements. We have conducted preliminary calculations 44 that show 
that HNCO is an additive that both decreases the heat feedback (and therefore 
presumably the burning rate) as well as decreases the visible-flame standoff. As 
NHL proved to be the active molecule in increasing the heat feedback resulting 
from the addition of NH 3 to NG, so NCO appears to be the active molecule for the 
HNCO additive. One factor leading to the reduced heat feedback may be that the 
radical NCO combines with NO and NO2 near the surface to form relatively stable 
molecules such as Ni, N2O, CO, and CO2, thereby diminishing the rate of radical 
growth. Reduction in the visible-flame standoff (dark-zone length) may be due 
to the unimolecular decomposition in the dark zone of the N2O, which is formed 
in the near surface region by means of the NCO reactions. This decomposition, 
N2O — > N2 + O, increases the radical growth rate in the dark zone, causing accel- 
eration of the reactions leading to the visible flame. A decrease in the visible-flame 
standoff may, in fact, be a desirable effect in that it may reduce gun-ignition delays 
attributable to the slowness of the reactions, leading to the substantial heat release 
of the visible flame . 45 Of course, to realize the benefits of these provocative ideas, 
much work is yet to be done both in searching for suitable active molecules and in 
finding practical substances that can release these active molecules, but the way 
is clear for a new and productive partnership between the theoreticians and the 
formulation chemists. 


IX. Conclusions 

Models of energetic-material combustion have increased enormously in their 
sophistication and complexity in recent years. Treatments of the gas phase involv- 
ing dozens of species and hundreds of elementary reactions are now common. 
On the other hand, chemically specific descriptions of the condensed phase have 
not kept pace, largely because of the lack of definitive experiments and theory 
relating to the reaction paths there. All of the existing treatments of the condensed 
phase consider several overall reactions at most, and even these suffer from un- 
certainties in the identities and concentrations of the reactants and products. In the 
face of these intractabilities, we have developed a new semiempirical model that 
requires as input a single overall reaction representing the conversion of unreacted 
energetic material to the nascent gas-phase species and a pyrolysis law expressing 
the relationship of surface temperature to burning rate. This approach makes the 
most sense where the pyrolysis law is universal over some class of materials; the 
existence of such a relation has been previously verified for double-base propel- 
lants. We have demonstrated that the simplest form of the pyrolysis law also well 
describes surface regression that is due to evaporative mechanisms as well as reac- 
tive ones. The capability of this model in describing the burning rate as a function 
of pressure and even species profiles, where available, was illustrated for frozen 
ozone, RDX, and NG. 

A key uncertainty in applying this model to energetic materials is the identity 
and the concentrations of the products of the condensed-phase decomposition. By 
examining a number of possible product sets, we found that the computed burning 
rate could vary by as much as an order of magnitude among these sets. This finding 
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suggests that it might be possible to influence the burning rate of a material by 
stimulating decomposition along normally less favored paths. 

One of the long-held hopes for chemically specific combustion modeling is to 
possess the capability to compute the effects of chemical additives on the burning 
rate in order to rationalize the performance tailoring of propellants. We believe that 
progress is rapidly being made toward fulfillment of that promise. As a demonstra- 
tion of this budding capability, we determined the relative effect of three additives 
on the burning rate of NG in which the amounts of each additive were computed 
to achieve a neutral oxygen balance for each mixture. 


Appendix: Reaction Mechanism (DB11) for Nitroglycerine 

CHEMKIN INTERPRETER OUTPUT: CHEMKIN-II Version 3.6 Apr. 1994 

DOUBLE PRECISION 


ELEMENTS ATOMIC 
CONSIDERED WEIGHT 


1. H 1.00797 

2. C 12.0112 

3. 0 15.9994 

4. N 14.0067 


C 

P H 
H A 
A R 

SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT 


CONSIDERED 

E 

E 

WEIGHT 

LOW 

HIGH 

H 

c 

0 

N 

1. 

H 

G 

0 

1.00797 

300.0 

5000.0 

i 

0 

0 

0 

2. 

H2 

G 

0 

2.01594 

300.0 

5000.0 

2 

0 

0 

0 

3. 

02 

G 

0 

31.99880 

300.0 

5000.0 

0 

0 

2 

0 

4 . 

H20 

G 

0 

18.01534 

300.0 

5000.0 

2 

0 

1 

0 

5. 

C02 

G 

0 

44.00995 

300.0 

5000.0 

0 

1 

2 

0 

6. 

CO 

G 

0 

28.01055 

300.0 

5000.0 

0 

1 

1 

0 

7. 

N2 

G 

0 

28.01340 

300.0 

5000.0 

0 

0 

0 

2 

8. 

N02 

G 

0 

46.00550 

300.0 

5000.0 

0 

0 

2 

1 

9. 

N20 

G 

0 

44.01280 

300.0 

5000.0 

0 

0 

1 

2 

10. 

NO 

G 

0 

30.00610 

200.0 

6000.0 

0 

0 

1 

1 

ii. 

HONO 

G 

0 

47.01347 

300.0 

5000.0 

1 

0 

2 

i 

12. 

OH 

G 

0 

17.00737 

300.0 

5000.0 

1 

0 

1 

0 

13. 

O 

G 

0 

15.99940 

300.0 

5000.0 

0 

0 

1 

0 

14. 

H02 

G 

0 

33.00677 

300.0 

5000.0 

1 

0 

2 

0 

15. 

H202 

G 

0 

34.01474 

300.0 

5000.0 

2 

0 

2 

0 

16. 

CH20 

G 

0 

30.02649 

200.0 

6000.0 

2 

1 

1 

0 

17. 

CH30 

G 

0 

31.03446 

300.0 

3000.0 

3 

1 

1 

0 

18 . 

CH20H 

G 

0 

31.03446 

250.0 

4000.0 

3 

1 

1 

0 

19. 

CH30H 

G 

0 

32.04243 

300.0 

5000.0 

4 

1 

1 

0 

20. 

CH 

G 

0 

13.01912 

300.0 

5000.0 

1 

1 

0 

0 

21. 

C 

G 

0 

12.01115 

300.0 

5000.0 

0 

1 

0 

0 

22. 

HCO 

G 

0 

29.01852 

300.0 

5000.0 

1 

1 

1 

0 

23. 

NH3 

G 

0 

17.03061 

300.0 

5000.0 

3 

0 

0 

1 

24. 

NH2 

G 

0 

16.02264 

200.0 

6000.0 

2 

0 

0 

1 

25. 

NH 

G 

0 

15.01467 

200.0 

6000.0 

1 

0 

0 

1 

26. 

N 

G 

0 

14.00670 

300.0 

5000.0 

0 

0 

0 

1 

27. 

NNH 

G 

0 

29.02137 

250.0 

4000.0 

1 

0 

0 

2 

28. 

HNO 

G 

0 

31.01407 

200.0 

6000.0 

1 

0 

1 

1 

29. 

HOCO 

G 

0 

45.01792 

300.0 

4000.0 

1 

1 

2 

0 

30. 

HNNO 

G 

0 

45.02077 

300.0 

5000.0 

1 

0 

1 

2 

31. 

N2H2 

G 

0 

30.02934 

300.0 

5000.0 

2 

0 

0 

2 

32. 

N2H3 

G 

0 

31.03731 

300.0 

5000.0 

3 

0 

0 

2 

33. 

N2H4 

G 

0 

32.04528 

300.0 

5000.0 

4 

0 

0 

2 

34 . 

N03 

G 

0 

62.00490 

300.0 

5000.0 

0 

0 

3 

1 

35. 

NCO 

G 

0 

42.01725 

200.0 

6000.0 

0 

1 

1 

1 
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(k = A T**b exp ( -E/RT) ) 


REACTIONS CONSIDERED 

A 

b 

E 

1. N02 ( +M ) =N0+0 { +M ) 


7 . 600E+18 

-1.27 

73290.0 

Low pressure limit: 

: 0.24700E+29 

-0 . 33700E+01 0.74800E+05 


T&H VALUES 0. 95000E+00 -0.10000E 

-03 



N20 

Enhanced by 

1.500E+00 



H20 

Enhanced by 

4.400E+00 



N2 

Enhanced by 

1.000E+00 



C02 

Enhanced bv 

2.300E+00 



2. N20(+M)=N2+0(+M) 


1 . 260E+12 

0.00 

62620.0 

Low pressure limit: 

0 . 59700E+15 

0 . OOOOOE+OO 0.56640E+05 


N20 

Enhanced by 

5.000E+00 



H20 

Enhanced by 

7 . 500E+00 



N2 

Enhanced by 

1.000E+00 



C02 

Enhanced by 

3 . 200E+00 



02 

Enhanced by 

8.200E-01 



3. H+NO(+M) =HN0(+M) 


1 . 520E+15 

-0.41 

0.0 

Low pressure limit: 

0 . 40000E+21 - 

0.17500E+01 0. OOOOOE+OO 


N20 

Enhanced by 

5 . OOOE+OO 



H20 

Enhanced by 

5 . OOOE+OO 



N2 

Enhanced by 

1. OOOE+OO 



C02 

Enhanced by 

1 .300E+00 



4. NO+OH(+M)=HONO(+M) 


1 . 988E+12 

-0.05 

-721.0 

Low pressure limit: 

0 . 50800E+24 - 

■0 . 25100E+01 -0 . 67600E+02 


T&H VALUE 0 . 62000E+00 




N20 

Enhanced by 

5. OOOE+OO 



H20 

Enhanced by 

8 . 300E+00 



N2 

Enhanced by 

1 .OOOE+OO 



C02 

Enhanced by 

1 . 500E+00 



5. N0+M=N+0+M 


1 . 400E+15 

0.00 

148430.0 

N2 

Enhanced by 

1 .OOOE+OO 



H2 

Enhanced by 

2 . 200E+00 



H20 

Enhanced by 

6.700E+00 



C02 

Enhanced by 

3. OOOE+OO 



N20 

Enhanced by 

2 . 200E+00 



6. N2+M=N+N+M 


3.710E+21 

-1.60 

225000.0 

7. N20+N=N2+N0 


1.000E+13 

0.00 

19870.0 

8. N02+N=N20+0 


5 . 010E+12 

0.00 

0.0 

9. N02+N=NO+N0 


3 . 980E+12 

0.00 

0.0 

10. N02+N02=NO+N0+02 


1 . 630E+12 

0.00 

26120.0 

11. NO2+NO2=NO+N03 


9.640E+09 

0.73 

20920.0 

12. N02+N03=N0+N02+02 


1 . 400E+11 

0.00 

3180.0 

13. HN0+N0=N20+0H 


8 . 510E+12 

0.00 

29590.0 

14. HN0+02=H02+N0 


1 . OOOE+13 

0.00 

25000.0 

15. HN0+N02=H0N0+N0 


6 . 000E+11 

0.00 

1987.0 

16. HONO+0=OH+N02 


1 . 200E+13 

0.00 

5961.0 

17. H0N0+0H=H20+N02 


1 . 270E+10 

1.00 

135.0 

18. H0N0+NH2=N02+NH3 


1 . 000E+10 

1.00 

0.0 

19. HN0+0=0H+N0 


3 . 610E+13 

0.00 

0.0 

20. NH+ONO+H 


5. 500E+13 

0.00 

0.0 

21. NH+ON+OH 


3.720E+13 

0.00 

0.0 

22. NH+NH-N2+H+H 


5 . 100E+13 

0.00 

0.0 

23. NH+M=N+H+M 


2. 650E+14 

0.00 

75510.0 

24. NH2+N0=N20+H2 


5. 000E+13 

0.00 

24640.0 

25. CH+02=HC0+0 


3 . 300E+13 

0.00 

0.0 

26. CH+0=C0+H 


5 . 700E+13 

0.00 

0.0 

27. CH+OH=HCO+H 


3. 000E+13 

0.00 

0.0 

28. CH+C02=HC0+C0 


3. 400E+12 

0.00 

690.0 

29. CH+H=C+H2 


1 . 500E+14 

0.00 

0.0 

30. C+02=C0+0 


2. 000E+13 

0.00 

0.0 

31. C+OH=CO+H 


5. 000E+13 

0.00 

0.0 

32. 0H+HCO<=>H20+CO 


5. 00DE+13 

0.00 

0.0 

33. HCO+M<=>H+CO+M 


1 . B70E+17 

-1.00 

17000.0 

H2 

Enhanced by 

2. OOOE+OO 



H20 

Enhanced by 

1 .200E+01 



CO 

Enhanced by 

1 . 500E+00 



C02 

Enhanced by 

2. OOOE+OO 



34 . H+HCO<=>H2+CO 


7 . 340E+13 

0.00 

0.0 

35. HCO+0=CO+OH 


3. OOOE+13 

0.00 

0.0 
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36. 

HC0+0=C02+H 


37. 

HC0+02<=>H02+C0 


38. 

CO+O ( +M ) =C02 { +M ) 



Low pressure limit: 

0 . 13500E+25 


TSH VALUE 0.10000E+01 


H20 

Enhanced by 


H2 

Enhanced by 


CO 

Enhanced by 


C02 

Enhanced by 


N20 

Enhanced by 

39. 

CO+OH=C02+H 


40. 

C0+02=CO2+0 


41. 

HO2+CO=CO2+0H 


42. 

H2+02=20H 


43. 

0H+H2=H20+H 


44. 

02+H-O+OH 


45. 

0+H2=OH+H 


46. 

H+02+M=H02+M 



H20 

Enhanced by 


C02 

Enhanced by 


H2 

Enhanced by 


CO 

Enhanced by 


N2 

Enhanced by 

47. 

0H+HO2=H20+02 


48. 

H+H02=20H 


49. 

0+H02=02+0H 


50. 

20H=0+H20 


51. 

2H+M=H2+M 



H2 

Enhanced by 


H20 

Enhanced by 


C02 

Enhanced by 

52. 

2H+H2=2H2 


S3. 

2H+H2OH2+H20 


54. 

2H+C02=H2+C02 


55. 

H+0H+M=H20+M 



H20 

Enhanced by 

56. 

H+0+M=0H+M 



H20 

Enhanced by 

57. 

0+0+14=02 +M 


58. 

H+H02=H2+02 


59. 

2H02=H202+02 


60. 

H202+M=20H+M 


61. 

H202+H=H02+H2 


62. 

H202+0H=H20+H02 


63. 

N0+H02=N02+0H 


64. 

N02+H=NO+OH 


65. 

NO2+O=NO+02 


66. 

NCO+H=NH+CO 


67. 

NCO+0=NO+CO 


68. 

NCO+N=N2+CO 


69. 

NCO+OH=NO+CO+H 


70. 

NCO+M=N+CO+M 



N20 

Enhanced by 


H20 

Enhanced by 


N2 

Enhanced by 


CO 2 

Enhanced by 

71. 

NCO+NO=N20+CO 


72. 

NCO+NO=C02+N2 


73. 

NC0+N02=C02+N20 


74. 

NC0+N02=C0+N0+N0 


75. 

NH+02=HN0+0 


76. 

NH+02=NO+OH 


77. 

NH+NO=N20+H 


78. 

NH+NO=N2+OH 


79. 

N20+H=N2+0H 



Declared duplicate 

reaction. . . 

80. 

N20+H=N2+0H 



Declared duplicate 

reaction. . . 

81. 

NNH+0=N20+H 


82. 

NNH+0=NO+NH 


83. 

N20+0=N2+02 



3 . OOOE+13 0.00 0.0 

7 . 600E+12 0.00 400.0 

1 . 800E+10 0.00 2380.0 

0.27900E+01 0.41900E+04 

1.200E+01 
2.500E+00 
1.900E+00 
3.800E+00 
5 . 000E+00 


1 . 510E+07 

1.30 

-758.0 

2 . 530E+12 

0.00 

47688.0 

5 . 800E+13 

0.00 

22934.0 

1 . 700E+13 

0.00 

47780.0 

2.160E+08 

1.50 

3430.0 

3.520E+16 

-0.70 

17070.0 

5 . 060E+04 

2.67 

6290.0 

3.610E+17 

-0.72 

0.0 


1.860E+01 
4.200E+00 
2 . 900E+00 
2 . 100E+00 
1 . 300E+00 


7.500E+12 

0.00 

0.0 

1 . 690E+14 

0.00 

874.0 

1 . 400E+13 

0.00 

1073.0 

6 . 000E+08 

1.30 

0.0 

1 . 000E+18 

-1.00 

0.0 

0 . OOOE+OO 

0.000E+00 

0. 000E+00 

9.200E+16 

-0.60 

0.0 

6 . OOOE+19 

-1.25 

0.0 

5 . 490E+20 

-2.00 

0.0 

1 . 600E+22 

-2.00 

0.0 

5. 000E+0O 

6.200E+16 

O 

VO 

0 

1 

o 

o 

5. OOOE+OO 

1 . 890E+13 

0.00 

-1788.0 

6 . 630E+13 

0.00 

2126.0 

1 . 800E+12 

0.00 

0.0 

1 . 300E+17 

0.00 

45500.0 

4 . 820E+13 

0.00 

7948.0 

1.750E+12 

0.00 

318.0 

2 . 110E+12 

0.00 

-479.0 

1 . 300E+14 

0.00 

361.0 

3 . 900E+12 

0.00 

-238.0 

5 . 400E+13 

0.00 

0.0 

4 . 520E+13 

0.00 

0.0 

2. OOOE+13 

0.00 

0.0 

2. OOOE+13 

0.00 

7500.0 

1 . 140E+23 

-1.95 

59930.0 

5. 000E+00 

5. 000E+00 

1. OOOE+OO 

1.500E+00 

8 . 800E+17 

-1.78 

790.0 

1 . 130E+18 

-1.78 

790.0 

1 . 950E+13 

-0.26 

-620.0 

1 . 770E+12 

-0.26 

-620.0 

4 . 610E+05 

2.00 

6500.0 

1 . 280E+06 

1.60 

100.0 

3 . 500E+14 

-0.46 

16.1 

2 . 160E+13 

-0.23 

0.0 

2 . 530E+10 

0.00 

4550.0 

2.230E+14 

0.00 

16750.0 

1 . 400E+14 

-0.40 

477.0 

3. 300E+14 

-0.23 

-1013.0 

3 . 654E+12 

0.00 

15900.0 
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84. N20+0=N0+N0 

85. H+HNO=NH+OH 

86. NH+0H=N+H20 

87. NH+N=N2+H 

88. N+H2=NH+H 

89. HN0+H=NH2+0 

90. NH2+O=NH+0H 

91. NH2+0H=NH+H20 

92. NH2+H=NH+H2 

93. NH2+NH=N2H2+H 

94. NH2+N=N2+H+H 

95. NH2+O2=HN0+OH 

96. NH2+NH2=N2H2+H2 

97. NH2+NH2-NH+NH3 

98. NH2+NH2=N2H3+H 

99. NH2+NH2+M=N2H4+M 

100. NH2+N02=N20+H20 

101. NH+N02=N20+0H 

102. N2H4+H=N2H3+H2 

103. N2H4+0H=N2H3+H20 

104. N2H4+0=N2H3+0H 

105. N2H3=N2H2+H 

106. N2H3+H=N2H2+H2 

107. N2H3+0H=N2H2+H20 

108. N2H3+0=N2H2+0H 

109. N2H2+M=NNH+H+M 


H20 

Enhanced by 

02 

Enhanced by 

N2 

Enhanced by 

H2 

Enhanced by 


110. N2H2+H=NNH+H2 

111. N2H2+0=NH2+N0 

112. N2H2+0=NNH+0H 

113. N2H2+0H=NNH+H20 

114. N2H2+NH-NNH+NH2 

115. N2H2+NH2-NH3+NNH 

116. NH2+NONNH+OH 

117. NH2+N0=N2+H20 

118. NH3+0H=NH2+H20 

119. NH3+H=NH2+H2 

120. NH3+O=NH2+0H 

121. NH3+M=NH2+H+M 

122. NNH+N0=N2+HN0 

123. NNH+H=N2+H2 

124. NNH+OH=N2+H20 

125. NNH+NH2=N2+NH3 

126. NNH+NH=N2+NH2 

127. HN0+0H=N0+H20 

128. H+HNO=H2+NO 

129. HNO+NH2=NH3+NO 

130. N+NON2+0 

131. 0+N0=N+02 

132. NO+H=N+OH 

133. HN0+HNO=N20+H2O 

134. N20+N0=N2+NO2 

135. N0+N0+N0=N20+N02 

136. HOCO+M=OH+CO+M 

137. CO+NO2=NO+C02 

138. CH+N02=HC0+N0 

139. H2+N02=H0N0+H 

140. NNH=N2+H 

Declared duplicate reaction... 

141. NNH+M=N2+H+M 

Declared duplicate reaction... 

142. HNO+N0+NO=HNNO+NO2 

143. HNN0+N0=NNH+N02 

144. HNNO+NO=N2+HONO 

145. HNN0+M=H+N20+M 

146. HNNO+M=N2+OH+M 

147. HCO+NO=HNO+CO 

148. 0+CH20<->0H+HC0 

149. 0+CH20H<=>0H+CH20 


9.985E+13 

0.00 

28040.0 

3 . 000E+14 

0.00 

18000.0 

5 . 000E+11 

0.50 

2000.0 

3 . 000E+13 

0.00 

0.0 

1.600E+14 

0.00 

25140.0 

3.500E+15 

-0.30 

28200.0 

6.750E+12 

0.00 

0.0 

4 .000E+06 

2.00 

1000.0 

4.000E+13 

0.00 

3650.0 

1 . 500E+15 

-0.50 

0.0 

7 . 200E+13 

0.00 

0.0 

4.500E+12 

0.00 

25000.0 

5.000E+11 

0.00 

0.0 

S.000E+13 

0.00 

10000.0 

1.790E+13 

-0.35 

11320.0 

2.980E+47 

-9.44 

9680.0 

2.B40E+1B 

-2.20 

0.0 

1.000E+13 

0.00 

0.0 

1.000E+12 

0.50 

2000.0 

3.000E+10 

0.68 

1290.0 

2 . 000E+13 

0.00 

1000.0 

1 . 200E+13 

0.00 

58000.0 

1 . 000E+12 

0.50 

2000.0 

3 . 000E+10 

0.68 

1290.0 

2 . 000E+13 

0.00 

1000.0 

5.000E+16 

0.00 

50000.0 

1.500E+01 



2.000E+00 



2.000E+00 



2 . OOOE+OO 



5.000E+13 

0.00 

1000.0 

1.000E+13 

0.00 

0.0 

2.000E+13 

0.00 

1000.0 

1.000E+13 

0.00 

1000.0 

1.000E+13 

0.00 

1000.0 

1 . OOOE+13 

0.00 

1000.0 

9 . 300E+11 

0.00 

0.0 

2 . OOOE+20 

-2.60 

924.0 

2.040E+06 

2.04 

566.0 

5 . 420E+05 

2.40 

9917.0 

9.400E+06 

1.94 

6460.0 

2.200E+16 

0.00 

93470.0 

2. OOOE+13 

0.00 

0.0 

1.000E+14 

0.00 

0.0 

5. OOOE+13 

0.00 

0.0 

5. OOOE+13 

0.00 

0.0 

5. OOOE+13 

0.00 

0.0 

1 . 295E+07 

1.88 

-958.0 

4 . 4 60E+11 

0.72 

655.0 

2. OOOE+13 

0.00 

1000.0 

3 . 270E+12 

0.30 

0.0 

3 . 800E+09 

1.00 

41375.0 

1.700E+14 

0.00 

48800.0 

3 . 630E-03 

3.98 

1190.0 

4 . 290E+13 

0.00 

47130.0 

1.070E+10 

0.00 

26800.0 

2 . 190E+23 

-1.89 

35270.0 

9.040E+13 

0.00 

33780.0 

1.010E+14 

0.00 

0.0 

3 . 210E+12 

0.00 

28810.0 

3.000E+08 

0.00 

0.0 

1. OOOE+13 

0.50 

3060.0 

1 . 700E+11 

0.00 

2100.0 

3 . 200E+12 

0.00 

270.0 

2 . 600E+11 

0.00 

810.0 

2 . 200E+15 

0.00 

21600.0 

1.000E+15 

0.00 

25600.0 

7 . 230E+12 

0.00 

0.0 

3 . 900E+13 

0.00 

3540.0 

1. OOOE+13 

0.00 

0.0 
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150. 

0+CH30<=>0H+CH20 


1 . OOOE+13 

0.00 

0.0 

151. 

0+CH30H<=>0H+CH20H 


3.880E+05 

2.50 

3100.0 

152. 

0+CH30H<=>0H+CH30 


1.300E+05 

2.50 

5000.0 

153. 

02+CH20<=>H02+HC0 


1.000E+14 

0.00 

40000.0 

154 . 

H+HCO ( +M ) <=>CH20 ( +M ) 

1 . 090E+12 

0.48 

-260.0 


Low pressure limit: 

0 - 13500E+25 

-0 . 25700E+D1 0 . 14250E+04 



TROE centering: 

0 . 78240E+00 

0 . 27100E+03 0.27550E+04 0 

. 65700E+04 


H2 

Enhanced by 

2.000E+00 




H20 

Enhanced by 

6.000E+00 




CO 

Enhanced by 

1 . 500E+00 




C02 

Enhanced by 

2 . OOOE+OO 



155. 

H+CH20 (+M) <=>CH20H ( +M) 

5. 400E+11 

0.45 

3600.0 


Low pressure limit: 

0.12700E+33 

-0.48200E+01 0 . 65300E+04 



TROE centering: 

0.71870E+00 

0 . 10300E+03 0 . 12910E+04 0. 

41600E+04 


H2 

Enhanced by 

2. 000E+00 




H20 

Enhanced by 

6. OOOE+OO 




CO 

Enhanced by 

1 . 500E+00 




CO 2 

Enhanced by 

2. 000E+00 



156. 

H+CH20 ( +M) <=>CH30 (+M) 

5. 400E+11 

0.45 

2600.0 


Low pressure limit: 

0.22000E+31 

-0 . 48000E+01 0 . 55600E+04 



TROE centering: 

0.75800E+00 

0 . 94000E+02 0 . 15550E+04 0. 

42000E+04 


H2 

Enhanced by 

2. OOOE+OO 




H20 

Enhanced by 

6. 000E+00 




CO 

Enhanced by 

1 . 500E+00 




C02 

Enhanced by 

2. 000E+00 



157. 

H+CH20<=>HC0+H2 


2 . 300E+10 

1.05 

3275.0 

158. 

H+CH20H ( +M) <=>CH30H ( +M) 

1 . 800E+13 

0.00 

0.0 


Low pressure limit: 

0 . 30000E+32 

-0 . 48000E+01 0 . 33000E+04 



TROE centering: 

0 . 7 6790E+00 

0 . 33800E+03 0.18120E+04 0. 

50810E+04 


H2 

Enhanced by 

2. OOOE+OO 




H20 

Enhanced by 

6. OOOE+OO 




CO 

Enhanced by 

1.500E+00 




C02 

Enhanced by 

2. 000E+00 



159. 

H+CH20H<=>H2+CH20 

2. 000E+13 

0.00 

0.0 

160. 

H+CH30 (+M) <=>CH30H ( +M) 

5. 000E+13 

0.00 

0.0 


Low pressure limit: 

0.86000E+29 

-0.40000E+01 0 . 30250E+04 



TROE centering: 

0 . 89020E+00 

0 . 14400E+03 0. 28380E+04 0. 

4 5569E+05 


H2 

Enhanced by 

2. 000E+00 




H20 

Enhanced by 

6. 000E+00 




CO 

Enhanced by 

1.500E+00 




C02 

Enhanced by 

2. OOOE+OO 



161. 

H+CH30<=>H+CH20H 


3 . 400E+06 

1.60 

0.0 

162. 

H+CH30<=>H2+CH20 


2. OOOE+13 

0.00 

0.0 

163. 

H+CH30H<=>CH20H+H2 


1 . 700E+07 

2.10 

4870.0 

164. 

H+CH30H<=>CH30+H2 


4 .200E+06 

2.10 

4870.0 

165. 

H2+CO (+M) <=>CH20 (+M) 

4 . 300E+07 

1.50 

79600.0 


Low pressure limit: 

0 . 50700E+28 

-0 . 34200E+01 0.84350E+05 



TROE centering: 

0 . 93200E+00 

0. 19700E+03 0.15400E+04 0. 

10300E+05 


H2 

Enhanced by 

2. 000E+00 




H20 

Enhanced by 

6. 000E+00 




CO 

Enhanced by 

1.500E+00 




C02 

Enhanced by 

2. OOOE+OO 



166. 

0H+CH20<=>HC0+H20 


3 . 430E+09 

1.18 

-447.0 

167. 

0H+CH20H<=>H20+CH2O 


5 . OOOE+12 

0.00 

0.0 

168. 

0H+CH30<=>H20+CH20 


5. 000E+12 

0.00 

0.0 

169. 

0H+CH30H<=>CH20H+H20 

1.440E+06 

2.00 

-840.0 

170. 

OH+CH30H<=>CH3O+H2O 


6 . 300E+06 

2.00 

1500.0 

171. 

H02+CH20<=>HC0+H202 


1. 000E+12 

0.00 

8000.0 

172. 

CH+H20<=>H+CH20 


1 . 713E+13 

0.00 

-755.0 

173. 

CH20H+02<=>H02+CH20 


1 . 800E+13 

0.00 

900.0 

174. 

CH30+02<=>H02+CH20 


4 . 280E-13 

7.60 

-3530.0 

175. 

HC0+HN0=CH20+N0 


6 . OOOE+ll 

0.00 

2000.0 

176. 

CH2O+NO2=HCO+HON0 


8 . 020E+02 

2.77 

13730.0 

177. 

HCO+N02=CO+HONO 


1.240E+23 

-3.29 

2355.0 

178. 

HC0+N02=H+C02+N0 


8.390E+15 

-0.75 

1930.0 
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Note: Units for the rate parameters are centimeters, seconds, and moles and 
for E, calories per mole. For reactions followed by three numerical parameters, 
the rate-coefficient expression is k = AT b exp (-E/RT). For reactions that appear 
twice with the phrase "Declared duplicate reaction . . . ,” the rate coefficient is com- 
puted as the sum of the two three-parameter expressions. For reactions involving 
a generalized collider species M, collider efficiencies different from 1.0 are spec- 
ified. For reactions involving pressure-dependent rate expressions, that is, those 
with a collider species specified as (+M), three types of expression are used. If 
“T&H VALUE” occurs in the output, the Tsang and Herron form was used, as 
described in Ref. 46, with constants ao and a\ (if the latter is used) appearing, 
respectively, on the same line. A version of CHEMKIN modified at the U.S. Army 
Research Laboratory was used to allow this computation. If “TROE centering:” 
occurs, the TROE form was used with appropriate parameters specified on that 
line. If neither of these is mentioned, the Lindemann form was assumed. Descrip- 
tions of the TROE and the Lindemann expressions may be found in the CHEMKIN 
manual. 47 
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Chapter 2.13 


Burning-Rate Prediction of Double-Base 
Plateau Propellants 

Dong Yang* * and Hongchang Song* 

Nanjing University of Science and Technology, 
Nanjing, People ’s Republic of China 
and 

Fengqi Zhao* and Shangwen Li § 

Xi 'an Modem Chemistry Research Institute, 

Xi ’an. People ’s Republic of China 


Nomenclature 

C A = catalytic coefficient of lead salt 
Cb = enhancement coefficient of carbon black on lead salt 

C c = enhancement coefficient of copper salt on lead salt 

Cr = enhancement coefficient of hexogen on lead salt 

Ci = catalytic coefficient of lead salt, copper salt, 

and carbon black compound catalyst 
Ci = catalytic coefficient of copper salt 

[CH] = representatives of less reactive hydrocarbon groups 
[CHO] = representatives of splittable free radical/groups 
[CH 2 O] = representatives of reductive groups 
[CO] = representatives of less reactive groups containing CO 
dii = size of the particle of nitramine 
g = influence level of catalysts on reaction (5) 

g 1 = influence level of lead salt, carbon black, 

and copper salt compound catalyst on reaction (5) 
gi = influence level of copper salt on reaction (5) 

[NO 2 ] = representatives of oxidative groups 


Copyright © 1999 by the authors. Published by the American Institute of Aeronautics and 
Astronautics, Inc., with permission. 

‘Associate Professor, School of Chemical Engineering, 
t Professor, School of Chemical Engineering. 

* Associate Professor. 
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p = pressure, MPa 

p a = pressure at the time when the content of newly produced 

lead is the maximum 

p' a = pressure at the time when the content of newly produced 

catalytic centers from copper salt is the maximum, 17.73 MPa 
p* = first characteristic pressure, MPa 

p** = second characteristic pressure, MPa 

q = ratio of the quantity of [CHO] to the quantity of [N0 2 ] 

u = burning rate, ctn/s 

v = pressure exponent 

v\ = pressure exponent contributed by the naturral split of [CHO] 

v 2 - pressure exponent contributed by compound catalyst 

i >3 = pressure exponent contributed by nitramine 

w a = parameter related to the catalytic effect pressure region, in MPa 

w' a = parameter related to the catalytic effect pressure region 

of copper salt, 7.84 Mpa 
X = content of catalysts 

X N = quantity of [N 2 0] groups in 1-kg propellant 
X 0 = characteristic content 

Z\ - relative total quantity of gaseous products in the 

initial stage of propellant burning 

Z 2 = relative total quantity of gaseous oxide in the initial stage 
of propellant burning 

a = ratio of the quantity of [CH] to the quantity of [N0 2 ] 

a' = quantity of [CH] 

a H = percentage of nitramine in the propellant 
on = ratio of the quantity of [N 2 0] to the quantity of [N0 2 ] 

= ratio of the quantity of [CO] to the quantity of [N0 2 ] 
f}' = quantity of [CO] 

y = ratio of the quantity of [CH 2 0] to the quantity of [N0 2 ] 

y' = quantity of [CH 2 0] 

8 = quantity of [N0 2 ] 

rj = function describing the natural split of [CHO] 

#o = mole fraction of [N0 2 ] near the burning surface 

$ = function describing the transference between C-N homolysis 

and N— N homolysis of nitramine 
Ph = density of nitramine 

p P = density of propellant 


I. Introduction 

T HE plateau combustion phenomena of solid rocket propellants, which are 

very beneficial ballistics of solid rockets, have drawn much attention since 

they were discovered in 1946. 1 Up to 1980 researchers interpreted the plateau 

combustion phenomena from various perspectives and developed a large num- 

ber of catalytic combustion theories, such as gaseous phase, condensed phase, 
and gaseous-condensed phase theories. Among them, the free radical theory, 2 the 
lead-carbon catalysis theory, 3 the subsurface photochemical reaction model, 4 the 
complex compound theory, 5 and the stoichiometric ratio theory 6 are well known 
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and could qualitatively explain a part or all of the plateau burning process. Refer- 
ences 6-8 developed the super-rate combustion model and the catalytic combus- 
tion model, respectively. Based on their hypotheses, the calculated results of their 
models agree well with the experimental results. 

In past years the development of solid-propellant combustion models mainly 
depended on the transmission of energy and mass during burning processes. The 
mathematical models were derived from physical models based on experimental 
observations. The chemical processes of burning were little considered. The de- 
velopment of burning-rate expressions did not depend upon chemical composition 
and combustion reactions, so that there were few combustion models that could 
predict the phenomena of super rate, plateau, and mesa quantitatively from the 
composition (including catalysts) of plateau propellants. 

Reference 9 provided a method to predict the burning rate of noncatalyzed 
double-base propellants from the propellant ingredients. Incorporation of mass 
transport into this model allowed the development of a combustion model based 
on the analysis of the chemical structure and characteristic combustion reaction of 
noncatalyzed propellants. The burning rate is a function of pressure and propellant 
composition. The calculation of burning rate avoids the measurement of physical 
parameters, such as heat conduction, chemical-reaction activation energy, and heat 
effects. 

In this investigation the site of the catalytic reaction, the form of the catalytic 
centers and the split reaction of a class of splittable free radical represented by 
[CHO] during the catalytic combustion process near the burning surface are as- 
sumed. The mathematical model is developed based on experimental results, and 
the burning-rate equation of noncatalyzed propellants is extended to include the 
effect of catalysts. Using this equation, the burning rate and pressure exponent 
of double-base and nitramine-modified double base plateau propellants can be 
computed as a function of propellant composition. 


II. Theoretical Background 

The prediction method for noncatalyzed double-base propellant burning rate 
and its development was introduced in Ref. 10. The basic model is as follows. 

1) In the initial stage of noncatalyzed double-base propellant combustion, the 
main gaseous combustion products are divided into live classes, which are repre- 
sented respectively by [N0 2 ], [CH 2 O], [CHO], [CH], and [CO]. According to their 
chemical properties and the role they play in the dominant combustion reaction, the 
gases are also classified respectively as oxidizers, reducers/fuel, splittable/unstable 
groups, less reactive hydrocarbons groups, and less reactive CO groups in the burn- 
ing surface of noncatalyzed double-base propellants. 

It is almost impossible to measure accurately the quantities of the five gases 
present under given combustion condition, but the composition of the propellant 
and the chemical structure of each component are definite. Therefore, the re- 
lationship between the gaseous composition and the chemical structure of the 
propellant or its components can be developed. The live gases can also rep- 
resent the chemical groups of the propellant and its components. The quanti- 
ties of the five classes of gases/groups of a propellant can be calculated by 
adding the quantity of the five classes of gases/groups of each component 
together. 
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The splittable free radical [CHO] represents the class of gases that can split. The 
form of [CHO] is different at different pressures. When the pressure is very low, 
[CHO] is present in the vicinity of the burning surface in the form of a polymer, 
such as (CHO)„. When the pressure is very high, [CHO] splits into two groups, 
[CO] and [H] (categorized to [CH]). The natural split process of [CHO] can be 
described as the following reaction: 

[CHO] [CO] + [H] (1) 

The relationship between the natural split process of the free radical [CHO] and 
pressure can be described by the following equation: 

nip) = 2 - exp[0. 6931(1 - p/p*)] (2) 

When p = p*, [CHO] is present in the form of CHO and q{p) — \.p* is an empirical 
value, which is 9.81 MPa for double-base propellants. When p» p*, r/( p) = 2. 
When p<£p*, nip)- 0. 

At the characteristic pressure the quantities of the five classes of gases are 
symbolized as S', y' , q', ft , and a 1 . They are also called the chemical structure 
parameters. Then, the molecular formula of 1-kg propellant can be written as 
[N0 2 MCH 2 OV[CHOV[CHV[CO] a ,. 

2) We symbolized the mole fraction of gaseous oxidizer [N0 2 ] near the burning 
surface as doip)- If ot = a' /S', f) = (S' /S', q=q' /S', and y = y'/S\ then, at any 
pressure, 

Ooip) = i/[<* + P + q ■ nip) + y + i] (3) 

3) The burning rate of noncatalyzed double-base propellants is a function of 
pressure and propellant compositions. At 20°C the expression for the burning 
rate is 

u(p) = U09p6q(p)/ p P cm/s (4) 

References 9 and 10 calculated the burning rates of various noncatalyzed double- 
base propellants. Part of the results are shown in Figs. 1 and 2. The calculated 



Fig. 1 Burning rate vs pressure for double-base propellants (Chinese propellants). 
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Fig. 2 Burning rate vs pressure for double-base propellants (Kubota’s propellants). 


burning rates show good agreement with the experimental values in the pressure 
range from 0.1 to 30 MPa. The burning rates of double-base gun propellants can 
also be predicted by Eq. (4). References 11-13 give the comparison between the 
calculated burning rates and the experimental data for various gun propellants. 
Equation (4) is suitable for calculating the burning rate of double-base propellants 
even in the range of pressure up to 400 MPa. 


III. Mechanism of Plateau Combustion 
A. Effects of Catalysts on Burning Surface Physico-Chemistry 

To reveal the reaction mechanism of burning-rate catalysts, experiments were 
conducted to study the interaction among lead salts, copper salts, and carbon 
black during the decomposition and combustion of double-base propellants. The 
relationship between the interaction among the catalysts and catalytic combustion 
was obtained, and results were reported in Ref. 14. The main conclusions are 
that there are interactions among lead salts, copper salts, and carbon black during 
propellant combustion. Carbon black and copper salts make lead salts easy to 
decompose at lower temperatures. At the same time the lead content in the burning 
surface of propellants increases with an increase in carbon black content, while 
catalytic activity is promoted by the increase of lead content in the burning surface. 
That is to say, lead plays the key role in plateau combustion. It is thought that one 
of the main products of lead salts in the burning surface is PbO, and then PbO 
produces lead metal through the reactions as follows: 

PbO(s) + C(s) = Pb(s) + CO(g) (5) 

PbO(s) + CO(g) = Pb(s) + C0 2 (6) 

From this lead works in the form of metal, and the microball of lead metal in 
the burning surface forms the catalytic center. 
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B. Hypothesis on the Reaction of [CHO] Near Burning Surface 

The burning surface of double-base plateau propellants is obviously different 
from that of a noncatalyzed double-base propellant. A large number of loose carbon 
structures containing lead appear on the plateau propellant burning surface in the 
pressure region of catalytic effect, hence make the dividing line between the gas 
phase and solid phase vague and in the statement of diffusion. When the thermal 
decomposition products pass through the burning surface, they will definitely be 
affected by catalytic centers. 

Research on the burning surface structure of double-base plateau propellants 3 
show that super-rate burning is always related to the appearance of a great deal 
of carbon in burning surface, whereas carbon disappears gradually upon mesa 
burning. 

No definite theory explains the reason for the production of a great deal of carbon. 
Kubota et al. 6 suggest that in the process of plateau propellant combustion the 
products from the decomposition of lead compound, i.e., lead in metal or lead oxide, 
change the reaction pathway of nitrate ester degradation in the subsurface zone or 
burning surface and thus the degradation of a proportion of nitrate ester produces 
carbon. Ferreira et al. 7 suggest that the chemical reaction between lead compounds 
and aldehyde produced from the decomposition of nitrate ester produces carbon. 
They did not, however, illustrate the mechanism for the production of lead in the 
burning surface in detail. 

The results of fundamental studies 15 on the formation of carbon from gaseous 
hydrocarbon show that despite the middle products between the primary hydro- 
carbon and the final products carbon black is produced in polymerization process. 
The first step is the polymerization of small molecules, and the second is ther- 
mal decomposition to produce solid materials through chemical reactions, such as 
condensation and molecular rearrangement. 

For double-base plateau propellants the present paper supposes that the car- 
bons come from certain carbon-containing groups in die nitrate ester whose de- 
composition is suppressed by catalytic centers and which cannot decompose to 
gaseous products. They cannot participate in gas-phase combustion reaction but 
polymerize around the catalytic centers and produce carbon through incomplete 
combustion. 

According to the burning rate prediction model of noncatalyzed double-base 
propellants, among the five kinds of gases near the burning surface, [CHO] has 
properties of both polymerization and decomposition. When the propellant has no 
catalyst, the natural split reaction of [CHO] is as shown in reaction (1). When the 
propellant has catalysts, the free radical [CHO] conglomerates around the catalytic 
centers, and its split pathway is changed to 

[CHO](+[CH]) -> Polymer of hydrocarbons 

-*■ Further reactions to produce carbon (7) 

Because [CHO] also is produced in the condensed-phase nitrate ester at the 
burning surface, chemical reaction (7) indicates that [CHO] can possibly combine 
the less reactive hydrocarbon groups near it to form a polymer. 

Because the decomposition of carbon-containing groups is suppressed by cat- 
alytic centers, reaction (7) changes the gaseous composition near the propellant 
burning surface and reduces the total quantity of gaseous decomposition products. 
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Hence, if using the function g(p, X) to describe the influence level of catalysts on 
reaction (7) under different pressures, Eq. (3) is converted to 

&o(P, X) = \/{a + P + q ■ [>}(/>) - g(P , X)] + y + 1} (8) 


In normal cases function g(p, X ) should possess the following properties: 


g(p, X) = 


0 

1 

>1 


without catalyst 

[CHO] all involved in reaction (5) 
[CHO] partially involved in reaction (5) 


(9) 


As can be seen from Eq. (8), the mole fraction of oxide gases near the burning 
surface increases with the effect of catalysts. After the substitution of Eq. (8) into 
Eq. (3), it can be predicted that the burning rate is higher than that of noncatalyzed 
propellants. This is the fundamental reason for catalytic combustion. 


C. Effect of Nitramines 

The experimental results of the effect of hexogen (RDX) on the thermal decom- 
position of lead salt are given in Ref. 14. The differential scanning calorimeter 
(DSC) results show the positive effect of RDX on the thermal decomposition of 
lead salt. The decomposition peak of lead salt shifts to a lower temperature and the 
heat of decomposition of lead salts in the double-base propellant systems increases 
with the increase of RDX content in the double-base systems. This phenomenon 
is similar to the effect of carbon black on the thermal decomposition of lead 
salt. Reference 16 suggests that RDX combined with the burning characteristics 
of RDX-composite-modified double-base (CMDB) propellants enhances plateau 
combustion to a certain extent. 

The results of studies of RDX and HMX thermal decomposition 17-19 show 
that whether the decomposition pathways are C-N homolysis to produce N 2 O or 
N— N homolysis to produce N0 2 depends on temperature. At lower temperature 
the decomposition reaction begins with C-N bond homolysis, and at higher tem- 
perature the N— N bond homolysis is dominant, so there is more NO 2 in the gaseous 
products at higher temperature than at lower temperature. The temperature of the 
burning surface of a solid propellant is consistent with pressure in certain regions. 
The temperature of the propellant burning surface increases with the increase in 
pressure. Therefore, whether the decomposition pathway of nitramine is C— N 
bond homolysis or N— N bond homolysis is related to pressure. The following 
expression can be used to describe the transference between C— N homolysis and 
N— N bond homolysis: 


$(p) = 1 - e~ p/ P" 


( 10 ) 


where p** is also an empirical parameter and P** is about 40 MPa. 

If Xn is the quantity of the [N 2 O] group that can belong to the [CO] group in 
1 kg of propellant and a# = X N /h', then Eq. (8) is changed to 


Mp, X) = 


1 + £(p) -Q7v 

a + /6 + q [T](p) - g{p , X)] + y + 1 


( 11 ) 
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IV. Burning Rate Equation of DB and RDX-CMDB Propellants 
A. Influence Level of Catalysts on the Reaction of [CHO] 

From the principle of the effect of catalysts on the burning characteristic of 
propellants, lead salts play the main catalytic role, copper salts and carbon black 
play the assistant catalytic role, and copper salts also have independent catalytic 
effect similar to lead salts. So the g(p, X) function can be expressed as follows: 

g(p,X) = gl (p,X) + g 2 (p,X) (12) 

where g\(p, X) is the influence level of lead salts on reaction (7) and g 2 (p, X) is 
the influence level of copper salts on reaction (7). 

According to the experimental results, the lead content of the propellant burn- 
ing surface is consistent with catalytic activity. On the burning surface of solid 
propellants, lead catalytic centers are produced, accumulate, and then disappear. 
Analysis of the data in Refs. 20-22 suggest that the change in lead content of the 
burning surface with pressure can be described as follows: 

gi(p, X) = C,(X)exp{ -1(P ~ Pa)/w a ] 2 } (13) 

The experimental results 19 show that the lead content of the burning surface 
is higher at lower pressure. C { (X) is the coefficient of catalytic activity and is 
related to the variety and the content and species of catalysts in propellants and is 
one-dimensional. X is the percentage of catalysts and is one-dimensional. 

When lead salt is the only catalyst in solid propellants, the coefficient Cj (A) is 
only related to lead salt, and 

Ci(X) = C A (14) 

Because carbon black promotes the thermal decomposition of lead salt and 
makes the lead content of burning surface increase when the solid propellant 
contains lead salt and carbon black, 

Ci(X) = C„(l + C B ) (15) 

where C B , is the enhancement coefficient, which reflects the effect of carbon black 
on the catalytic activity of lead salts, and is one-dimensional. 

If C c is the enhancement coefficient, which reflects the effect of copper salt on 
the catalytic activity of lead salt, when the propellant contains lead salt, copper 
salt, and carbon black, 


CrfX) = C A ( 1 + C B )( 1 + C c ) (16) 

If C R is the enhancement coefficient, which reflects the effect of RDX on the 
catalytic activity, according to the mechanism described in Sec. III.C, then 

Ci =C A [1 + C B (1 + C«)](l + C c ) (17) 

Reference 23 shows that copper compounds play the role of plateau catalysis in 
the middle- and high-pressure regions (14.7-20.5 MPa). The assumption is made 
that the catalytic centers formed by copper salt also promote reaction (7), so that 
the function g 2 (p, X) can be written as 

g 2 {p, X) = C 2 (X)exp{-[(/? - p'J/w'J-) 


( 18 ) 
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C 2 (X) is related to the variety and content of copper salt, which is one-dimensional, 
Pa' = 13.73 MPa, and w' a =7.84 MPa. 

When the variety of plateau catalysts is defined, the catalytic activity is related 
to the catalyst content. Based on the experimental results, the expressions of C A , 
Cb, Cc in C[(X) and C 2 (X) are the same in form: 

_ Uexp[-(* - xq)/xx 0 ] X > 0 

“jo x = o [ } 

where (p is the weight, is related to the properties of the catalyst, and is one- 
dimensional; X is the lead content, carbon to lead ratio (C/Pb), and copper to lead 
ratio (Cu/Pb); Xq is the characteristic catalyst content (one-dimension quantity); 
and the values of (p and X Q can be determined by a series of typical double-base 
plateau propellants. 24 ^ 31 

The value of catalytic pressure region parameter w a is related to the residence 
time of catalytic centers on the burning surface. Accurate measurements have not 
yet been carried out, but it can be determined by the analysis of burning laws. 

B. Burning-Rate Equation 

Considering the effect of the particle size of nitramine on the area of burning 
surface, Ref. 9 gave the effect of nitramine on the burning rate as the parameter hu, 

h H = 1 + 1.73(p,/p H )W)*rf ff (20) 

Using Eqs. (8-20), Eq. (4) is rewritten as 

u(p, X) = 1.709p e£(p, X)h H / P p cm/s (21) 

Equation (21) is the burning-rate formula for double-base plateau propellants 
and RDX-CMDB plateau propellants. That is, when the particle size of nitramine is 
increased, the area of the burning surface increases, and the burning rate increases. 


C. Burning-Rate Pressure Exponent 


Taking the natural logarithm of the two sides of Eq. (21) and calculating the 
first derivative of (n.u(p, X) with respect to L-p gives the burning-rate pressure 
exponent of plateau propellants, 


where 


v(p, X) = 1 + vdp, X) + v 2 (p, X) + v 3 (p, X) 


, v , ~pq 

v x (p, X) = -2— — 

Z i op 


v 2 (p, X) = -2 
V3(P, X) = 2 


M 9g(p, X) 
Z, dp 
pa N a%(p) 


Z 2 dp 

Z, = a + P + [r](p) - g(p, X)] • q + y + 1 


(22) 

(23) 

(24) 

(25) 

(26) 


Z 2 = 1 + %(p) -a/v 


(27) 
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Table 1 Detail of propellant compositions (wt. %)“ 


Number NC/NG/DEP/C2 Lead flake Cupric adipate Carbon black 


1 

2 

60.0/29.9/7.3/2.8 

59.5/29.3/7.18/2.7 

1.0 

0.32 



3 

59.4/29.3/7.08/2.7 

1.0 

0.32 

0.2 

4 

59.3/29.3/7.08/2.7 

1.0 

0.32 

0.3 


“Propellants manufactured at Xi’an Modem Chemistry Research Institute. 


V. Results and Discussion 

A. Calculated Results 

The propellant compositions investigated here are shown in Tables 1-3. Among 
them, Nos. 5-7 are from the U.S. Patent as described in Ref. 26. The authors 
prepared the others. Table 4 shows the catalytic parameters that are used in the 
calculation. Figures 3-5 are the plots of burning rate vs pressure. The figures show 
that the burning rates of different propellants of which main compositions and the 
catalyst contents are different can be computed by means of the formula described 
here. The results not only model every stage of the plateau combustion, such as 
super rate, plateau, and mesa of DB and RDX-CMDB propellants, but also have 
good agreement with the experimental results. Figures 6-8 show the relationships 
between the pressure and pressure exponents of propellant Nos. 1-11. The pressure 
exponent does in fact change with the pressure, and the pressure exponents have 
an extremely low value. 

B. Plateau Combustion Phenomena 

From Eq. (21) the burning rate u(p, X) is in direct proportion to pOfiip, X). In 
the pressure region where catalysts are effective, the value of &o(p, X) is larger 
than $o(p) of the noncatalyzed propellant. Therefore, the burning rate of the cat- 
alyzed propellant is higher than that of the noncatalyzed propellant, and there are 
three relationships between pOlip, X) and (p + Ap)6l(p + A p, X). Correspond- 
ingly, there are three combustion phenomena in relation between burning rate and 
pressure: 

1) p&q(p , X) <(p + Ap)6q(p + Ap, X), super rate combustion. 

2) p9q(p, X) = (p + ApjO^ip + Ap, X), plateau combustion. 

3) p6l(p, X) > (p + A p)9q(p + Ap, X), mesa combustion. 


Table 2 Detail of propellant compositions (wt. %)“ 


Number 

NC/NG/TA/C2 

Lead stearate 

Carbon black b 

5 

58.5/27.0/8.5/4.0 



6 

58.5/27.0/8.5/4.0 

2.0 

0.35 

7 

58.5/27.0/8.5/4.0 




“Propellants and burning rate from Ref. 23. 
b Additional carbon black. 
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Table 3 Detail of propellant composition (wt. % f 


Number 

NC/NG/DEP/C2 

RDX 

Lead salt b 

Copper salt c 

Carbon black 

8 

37.5/27.4/3.0/2.0 

30.1 




9 

35.5/25.7/3.0/2.0 

30.1 

3.0 

0.4 

0.3 

10 

35.7/25.7/3.0/2.0 

30.1 

2.5 

0.4 

0.6 

11 

35.5/25.7/3.0/2.0 

30.1 

2.5 

0.4 

0.8 


“Propellants manufactured at Xi’an Modem Chemistry Research Institute. 

b Lead phthalate. 

c Cupric 2,4-dihydroxybenzoate. 


Table 4 Catalytic parameters used in calculation 


Number 

P a fMPa 

uJa/MPa 

C,(X) 

C 2 (X) 

2 

3.92 

3.92 


spiff 1 

3 

8.83 

11.77 

1.25 


4 

9.81 

16.67 

1.25 

0.003 

5 

1.47 

1.47 

0.50 


6 

8.83 

10.30 

0.85 


7 

8.83 

12.75 

0.50 


9 

3.92 

5.88 

1.60 

0.005 

10 

3.92 

8.83 

1.80 

0.005 

11 

3.92 

9.81 

1.90 

0.005 



Fig. 3 Burning rate vs pressure for propellants 1-4. 
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Fig. 7 Pressure exponent vs pressure for propellants 5-7. 


When the pressure exceeds the catalytic pressure region and 9o(p, X) is ap- 
proximately equal to 6q ( p), the burning rate follows the law of the noncatalyzed 
propellant. This is the reason why the super rate, plateau, and mesa appear in the 
integral plateau combustion. Sometimes, in the later stage of mesa combustion, 
the burning rate of the catalyzed propellant is slower than that of the noncatalyzed 
propellant. It is perhaps because of this that the reduction of the catalytic centers 
accelerates the split of free radical [CHO]. This will be investigated in the future 
using the model. 


C. Effect of Chemical Structure Factors on Plateau Combustion 

In the plateau combustion reaction [CHO] free radical is the catalysant. The 
conclusion is made from Eq. (22) that the pressure exponent is closely related 
to the value of mole fraction q/Z\ of [CHO] free radical in the burning surface. 
The higher the q/Z\ value is, the lower the pressure exponent is. Therefore, only 



Fig. 8 Pressure exponent vs pressure for propellants 8-11. 
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when there are sufficient [CHO] in the propellant chemical structure can it guaran- 
tee that the catalytic reaction will be fully completed. The ingredients determine 
the chemical structure parameters of the propellant. Each ingredient of the pro- 
pellant has its own chemical structure parameters, such as S', y', q', f} 1 , and a'. 
Reference 9 gives the chemical structure parameters of propellants in common 
use. Among them, the value of q' of nitrocellulose is the largest. If the content 
of nitrocellulose is reduced, the catalysant [CHO] in the chemical structure of 
the propellant is reduced too, and when the nitrocellulose content is too small to 
sustain the catalytic reaction, the plateau combustion will be destroyed. This ex- 
plains, from the theory, why the quantity of nitrocellulose is one of the vital factors 
in guaranteeing burning-rate modification and plateau combustion in smokeless 
propellants. 32 

Compared with ester nitrate, the molecular structure of nitramine (HMX or 
RDX) involves the N— NOj and lacks the —CHO group. The main combustion 
products are NO 2 , N 2 O, CH 2 O, and N2, among which no catalysant [CHO] 
is found. [N 2 O] increases, and [NO 2 ] reduces. Adding nitramine to catalyzed 
propellant causes the value of 9o(P, X ) of the propellant to decrease (with a ten- 
dency to lower the burning rate) and brings down the value of g(P, X) (with a 
tendency to raise the pressure exponent and lessen the catalytic effect). Therefore, 
nitramine, on the one hand, by strengthening the effect of catalyst, can promote 
catalytic combustion, and, on the other hand, because of its intrinsic chemical 
structure, can play a negative role in plateau combustion. 

From Eqs. (21) and (22) one can see that the burning rate in the plateau region 
has a close relation with the catalytic activity coefficients Ci(X) and C 2 W and 
that Ci (X) is dominant. The bigger the value of Ci (X), the higher the burning rate 
in the plateau region. Ci (X), C 2 (X), and w„ affect the plateau region of propellants 
and its pressure exponent. If w a remains unchanged while the value of Cj(X) is 
large, the pressure exponent of the plateau region is comparatively low. If w a rises, 
the range of the low-pressure exponent shifts to the higher pressure. Therefore, for 
a given catalyst its catalytic activity can be predicted by calculating its C\ (X), and 
the position of plateau region can be predicted by calculating w a . 


VI. Conclusions 

This chapter suggests that the reason for plateau combustion is that the natural 
split process of [CHO] in the area near the burning surface is suppressed by catalytic 
centers. The suppressing process of occurrence, development, and disappearance 
is the same as that of catalytic centers in the burning surface. Therefore, it is 
expressed as super rate, plateau, and mesa in the curve of burning rate vs pressure. 

The chemical structure of the propellant exerts an important influence on cat- 
alytic combustion. The higher the [CHO] content in the chemical structure of the 
components of a propellant, the more advantageous it is for the catalysis. Among 
the general energetic materials nitrocellulose is a good provider of catalysant 
[CHO]. Hence, guaranteeing enough nitrocellulose in the propellant promises 
plateau combustion in solid propellants. 

Adding nitramine (HMX, RDX) to double-base plateau propellant on the one 
hand lessens catalysis because of the reduction of [CHO] in the chemical structure 
of propellant, and on the other hand is more advantageous to plateau combustion 
because of the strengthening catalytic effect of lead salt. Therefore, with proper 
nitramine content the plateau effect is attainable. 
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The variety of catalyst, its content, and the combining style affect the value of 
the catalytic activity coefficient C\(X), C 2 (X), and the catalytic parameter w a . 
Generally, the burning rate of the propellant increases with the increase of C\(X) 
and C 2 (X), whereas the pressure exponent decreases with the increase of C\(X) 
and C 2 {X) in the plateau or mesa region. The plateau pressure region is related to 
the value of w a . Therefore, it is of vital importance to guarantee the proper match 
of propellant in designing the burning characteristics of plateau propellants. 

A burning-rate formula and pressure exponent formula, which are formally the 
same and are suitable for catalytic double-base and nitramine-modified double- 
base propellants, are derived in this chapter. The calculated results indicate that 
when catalyst content, the proportion, and the combining style change, the cal- 
culated results conform in general with real values and can quantitatively and 
completely remanifest the super rate, plateau, and mesa of plateau propellants and 
hence confirm the basic validity of the model. 
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Structure and Stability of Deflagrations in 
Porous Energetic Materials 
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I. Introduction 

T HE combustion behavior of porous energetic materials is of increasing in- 
terest because even supposedly nonporous materials may develop significant 
porosities over time due either to aging or to other types of degradation that may 
arise from exposure to abnormal environments. In such materials, the effects of 
two-phase flow are especially significant because of the presence of gas flow rel- 
ative to the condensed material within the unbumed porous solid as well as in the 
exothermic liquid/gas layers that typically form on the surfaces of many types of 
propellants, such as nitramines. 1 ~ 5 In the presence of confinement, the significance 
of die convective transport effects due to two-phase flow are enhanced, leading, 
through gas permeation into the unbumed solid, to a preheating of the solid and, 
consequently, to a strong enhancement of the burning rate relative to that of the 
unconfined case. Indeed, this type of preheating associated with gas permeation 
into the unbumed solid generally is associated with the onset of specially identified 
modes of combustion, such as convective burning (cf. Ref. 6 and the additional 
references therein). However, even in unconfined problems, effects of two-phase 
flow play an important role, affecting not only fundamental thermodynamic char- 
acteristics such as the burned temperature, but also the burning rate and the stability 
of steady, planar burning. 

We synthesize and describe the results of several recent analyses that, by means 
of asymptotic methods, have been successful in predicting the effects of two-phase 
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I -Flame Zone-1 



Fig. 1 Schematic of deflagration in porous energetic material with two-phase flow in 
both the solid-gas and liquid-gas regions, with combustion occurring in the latter. In 
the unconfined limit (p g — ♦ 1), the gas flow is everywhere in the downstream direction, 
whereas for sufficiently large overpressures, even the gas flow in the burned region is 
directed upstream. 


flow on the structure, burning rate, and linear stability of a propagating deflagration 
wave. 7-12 For the case of a confined or partially confined geometry, a quasi-steady 
propagation regime can be identified such that, in the limit that the pressure differ- 
ence, or overpressure, between the burned and unbumed regions approaches zero, 
the combustion wave collapses to that corresponding to an unconfined deflagra- 
tion. Indeed, a sketch of the geometry for the simplified chemistry adopted here is 
shown in Fig. 1, which indicates an unbumed solid-gas region, a melting surface, a 
liquid-gas region within which is embedded a thin reaction zone in which burning 
takes place, and finally, a burned gaseous product region. The primary difference 
between the unconfined and confined problems is that, in the case of confinement, 
the direction of gas flow in the unbumed region is likely to be negative, resulting in 
a preheating effect that results in a rapid increase in the burning rate as a function 
of overpressure. This permeation-enhanced burning generally is referred to, for 
obvious reasons, as convective burning, and one of die successes of the present 
model formulation and analysis is the ability to predict the transition from ordinary 
conduction-controlled burning that is characteristic of unconfined deflagrations to 
one in which convection plays a significant role. 

The model used to investigate the wave structure just described is essentially a 
simplified version of more general models of two-phase reacting flow (cf. Ref. 13). 
In particular, the model essentially consists of continuity and energy equations 
for each coexisting phase, a simplified accounting for momentum conservation 
appropriate for deflagrations, an equation of state for the gas, and an appropriate 
set of boundary and melting surface conditions. Although it is critical to the focus of 
our study to allow for velocity differences between coexisting phases, for simplicity 
we assume good thermal contact and adopt the single-temperature approximation 
that the temperature at a given spatial location is the same for each phase. Also, in 
keeping with our goal of focusing on the effects of two-phase flow, we deliberately 
simplify the chemistry by postulating the overall process R(s) -> R(l) —*■ P(g), 
where the first step denotes the melting (assumed to be slightly endothermic) of 
the solid material, and the second represents a one-step exothermic process in 
which liquid-phase reactants are converted directly to burned gaseous products. 
Extensions of the analysis to more complicated global mechanisms have been 
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given, 51011 but such extensions are not critical to the examination of the primary 
effects of two-phase flow of interest. 

In what follows, we first present the formulation and nondimensional models 
that are considered for the analysis of the two types of problems (confined and 
unconfined) just introduced (Secs. II and III). We then consider the case of steady 
(unconfined) or quasi-steady (confined) burning, in order to derive, via asymptotic 
methods, analytical expressions for the respective planar burning rates and other 
aspects of the deflagration structure (Secs. IV and V). Then, we derive a time- 
dependent, multidimensional asymptotic model, in which the reaction zone is 
represented by a reaction sheet (Sec. VI) and use it to examine the stability of a 
basic planar mode of burning (Secs. VII and VIII). In the Conclusions (Sec. IX), 
we summarize the results and indications for future investigations. 


II. Formulation 

A sketch of the physical problem is shown in Fig. 1. The unbumed porous 
solid lies generally to the left, and the burned gas products lie to the right. The 
two are separated by a deflagration wave that generally moves from right to left, 
converting the former into the latter. These regions (unbumed and burned) in turn 
are bounded on the left and right, respectively, but these boundaries are assumed 
to be sufficiently far away (relative to the width of the flame region) that the only 
significant effect on the combustion wave itself occurs in the case of confinement, 
where a significant difference develops between the upstream and downstream 
values of the pressure. In the unconfined problem, the gas flow is unrestricted in 
the burned region, and pressure gradients remain sufficiently small that they can be 
neglected on the nonacoustic scales of interest. In the confined case, however, gas 
flow in the burned region is restricted and hence the continual production of gas 
via chemical reaction causes the pressure to become greater in the burned region 
than in the unbumed solid. This pressure difference drives at least some of the gas 
upstream in the direction of the unbumed solid, where momentum conservation 
plays a critical role in reducing the gas velocity far upstream to zero so as to satisfy 
the ambient conditions there. Depending on the magnitude of the overpressure, 
the gas velocity in the burned region, on the other hand, may be either positive 
or negative. Hence, for moderate overpressures, the gas velocity can experience a 
turning point within the reaction region where the gaseous products are generated. 

The structure of the combustion wave thus consists of a solid-gas preheat region 
that, for the confined problem, contains a gas-permeation boundary layer in which 
the pressure rises from its ambient value to its larger (possibly much larger) value 
in the liquid-gas region; the melting surface that marks the left boundary of a 
liquid-gas preheat region, and the right boundary of the gas-permeation layer if 
one exists; the liquid-gas preheat zone, a relatively thin exothermic reaction layer 
in which chemical reaction occurs; and the burned gaseous region that extends 
to the right boundary. In the limit that the activation energy of reaction is large, 
the reaction zone asymptotically becomes a propagating surface similar to, but 
displaced from, the melting surface. In the laboratory-fixed spatial coordinate 
system (xi,x 2 , x 3 ), the porous solid extends to x 2 = — oo, where conditions are 
denoted by the subscript u, and the gas extends to x 3 = +oo, where conditions 
are identified by the subscript b. The deflagration generally propagates in the -X 3 
direction, although, in general, the wave motion is allowed to be both nonsteady 
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and nonplanar. Here and in what follows, a tilde over a symbol (e.g., * 3 ) denotes 
a dimensional quantity, and the subscripts s, l, and g denote solid-, liquid-, and 
gas-phase quantities, respectively. A continuum formulation, in which appropriate 
gas- and condensed-phase volume fractions a and 1 — a, respectively, multiply 
the physical variables associated with each phase, is used to model the physical 
problem just described. 

The governing system of equations that are considered incorporates a num- 
ber of assumptions that greatly simplify the analysis without compromising the 
fundamental two-phase-flow aspects of the problems of interest. Two of these 
include restricting the analysis to the single-temperature limit and considering 
only weakly nonplanar deflagrations. The first implies sufficiently good thermal 
contact between coexisting phases such that corresponding temperature differ- 
ences are small, whereas the latter, which implies that the transverse velocity 
components are small relative to the component of velocity in the x 3 direction, 
allows the velocity field (for the gas and liquid phases) to be approximated by 
fi/, g ~ [0, 0, ui, g (xi,X 2 , * 3 , ?)], with the velocity of the solid assumed to be zero. 
Other assumptions are indicated as they are introduced. We remark that the single- 
temperature assumption, which can be relaxed readily by considering the limit of 
sufficiently large, but finite, rates of interphase heat transfer , 7,14 is quite reason- 
able for many two-phase-flow problems. In contrast, the corresponding limit of 
large rates of interphase momentum transfer is not so plausible , 4,7 and thus it is 
important to retain velocity differences in the model if one wishes to capture true 
two-phase-flow effects. 

Denoting the melting surface that separates the solid-gas and liquid-gas regions 
by x 3 =x m , and the gas-phase volume fraction by a, continuity in the region 
X 3 > x m is expressed separately for the liquid and gas phases, where the latter 
may be replaced by an overall continuity equation for the two-phase medium. 
Consequently, we have 

a 3 - / Et \ 

— [(1 - a)p, ] + —[(1 - a)p,ui] = -Ap,(l - a)expl J *3 > x m 

(1) 

B B 

— [(\-a)pi+ap g ] + j£-[(\-a)p l ui+ap g u g ] = 0 x 3 > x m (2) 

where p, «/, t, and t denote density, velocity, the single temperature, and time, 
respectively. For simplicity, we assume a constant value for p, , but not for p g . In the 
reaction-rate expression, Ei is the overall activation energy, R is the universal gas 
constant, and A is the exponential reciprocal-time prefactor which, for simplicity, 
is assumed to be constant. For this type of global kinetic modeling, however, it 
may be reasonable to assign a pressure, as well as a temperature, dependency to 
A. In the solid-gas region x < x m , we assume for the solid phase a constant density 
p s and zero velocity (u s = 0), with a = a s also constant in this region. Gas-phase 
continuity for x <x m thus is independent of the solid phase and is given by 

8 p e a 

~W + m iW=0 ' i3< *" l3) 

Conservation of energy for each phase in the liquid-gas and solid-gas regions 
is given similarly by separate equations for each coexisting phase, which, as be- 
fore, can be summed to give an overall energy equation in each region. In the 
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single-temperature limit, however, only the overall energy equations remain, and 
these are given by 


^[P/( 1 - a)(Q + c,T) + p g c g aT ] + [p,ui(\ - a)(Q + c,T) + p g c g u g at ] 


, . - - _ - - dp„ 

= V • [A;(l -a)VT + A. g 0 fVr] + a— x 3 > x m 

Ot 

d d 

tz[P,c s (1 ~a s )f + p g c g a s T] + — -(p g c g u g a s f ) 
ot ox$ 

3 p g 

= V • [A.,(l -a s )VT +A . g a s yT]+a s ~, x 3 < x, 

ot 


( 4 ) 


( 5 ) 


where Eq. (1) has been used to eliminate the reaction-rate term in Eq. (4). Here, c, 
X, and p denote heat capacity (at constant volume for the liquid, and at constant 
pressure for the gas, both assumed constant), thermal conductivity, and pressure, 
respectively; and Q is the heat release for the global reaction at temperature t. 
We remark that, because of the small Mach number and the small ratio of gas-to- 
condensed phase densities in the problems to be considered, no terms involving 
the pressures in the condensed phases appear in these equations. Terms involving 
p„, however, arise from the contribution to the rate of change of the internal energy 
of the gas from the sum of the rate of surface work -d(au g p g )/dx and the rate of 
volume work —p g da/dt performed by the gas. 

Although analogous equations can be written for momentum conservation, we 
avoid introducing them explicitly by adopting certain simplifying approximations 
that often are used in these types of problems. In particular, in place of gas-phase 
momentum, we adopt, depending on the type of problem, either the assumption of 
constant pressure throughout or Darcy’s law (in the solid-gas region). In the latter 
instance, which provides a convenient formulation when pressure gradients are not 
negligible (as in the confined geometry introduced later), it is still reasonable to 
assume, based on the assumption of small Mach number, that the gas pressure is 
homogeneous in the liquid-gas region. If it is assumed further that the gas pressure 
in the burned region varies on a longer timescale than that associated with the 
flame structure itself (e.g., when the confining boundary is sufficiently remote with 
respect to the flame), then the upstream and downstream pressures can be regarded 
as constant in the quasistatic sense. This argument is supported by numerical 
calculations, 15 which, though based on the assumption of a flame sheet propagating 
with constant velocity, nonetheless enabled the authors to identify correctly this 
quasi-steady regime, which they described as a “gas-permeation boundary-layer 
solution.” The latter refers to the fact that the solution is characterized by a relatively 
thin gas-permeation layer in the solid-gas region, described later in the context of 
the present model, which arises from the difference, or overpressure, between the 
upstream and downstream values of the gas pressure. Thus, in place of gas-phase 
momentum, we adopt either the conditions 


k(a 5 ) dp g _ _ 

Mg — „ > X < X m , 

a s fl g OX 3 



P u 


s’ 


which are appropriate for the confined problem, or 


x > x m (6a) 



— oo < x < +oo 


(6b) 
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for the unconfined problem. Here, the first of Eqs. (6a) is the planar approximation 
of Darcy’s law, u g = —icV p g /(a s jl g ), implied by the planar representation of 
the velocity field introduced earlier. The coefficient ic is the permeability of the 
solid-gas region and fl g is the gas-phase viscosity, and the value is the specified 
upstream boundary condition on the gas pressure according to Eq. (9). We observe 
that Eq. (6b) actually is obtainable from Eqs. (6a) in the limit ic -* oo (which 
implies p g -» p“), so that, in the aforementioned quasi-steady burning regime, the 
solution to the unconfined problem constitutes a limiting case of the corresponding 
solution obtained from the more general condition given by Eqs. (6a). 

The equation of state for the gas is assumed to be ideal, and thus p g is, in general, 
coupled to the other field variables through the gas-phase equation of state 

p g = p g R°T/W g (7) 

where W g is the molecular weight of the product gas. Consideration of condensed- 
phase momentum, on the other hand, leads in principle to an equation for the liquid- 
phase velocity ui. Based on a previous analysis, 4 a reasonable first approximation 
is to set the condensed velocity equal to the condensed-mass burning rate divided 
by the condensed-phase density. In the present context, this implies that, because 
u s = 0 , 


ui = - 


a t 



h > x m 


( 8 ) 


where dx m /dt < 0 is the (unknown) propagation velocity of the melting surface. 
A modification to this expression that introduces a linear dependence of on 
the gas-phase volume fraction a that qualitatively takes into account viscous and 
surface-tension-gradient (Marangoni) effects in the liquid-gas region has been 
proposed, 4 but in the present work we adopt the simpler result given by Eq. (8). 

The preceding equations now constitute a closed set for the variables a, u g , t, 
p g , and p g . The problem thus is determined completely once initial and bound- 
ary conditions, including interface relations at x-} = x m , are specified. However, 
because we are not concerned with the initial-value problem, but only the long- 
time solution corresponding to a (quasi) steadily propagating deflagration, only 
the latter are required here. Thus, the required boundary conditions are given by 


u g — ► 0 , 

a -+ 1 , 


a = a s for x < x m 
T -> T u , p g -> p u g as x — ► -oo 

p g = p b g for x > x m 
Ug -> u g , T fb as it -> +oo 


( 9 ) 

( 10 ) 


where the burned temperature t h , gas velocity u b g , and pressure p g are to be 
determined, except in the unconfined limit where, from Eq. (6b), p g = p u g . The 
unbumed and burned values p g and p g of the gas density then follow from the 
equation of state. We remark that the upstream boundary condition on the gas 
velocity is, except in the unconfined limit, merely a consistency condition in the 
present formulation because it is implied by the corresponding upstream condition 
on pressure and the first of Eqs. (6a). Finally, where the plus or minus superscripts 
denote the quantities evaluated at x — x„, the continuity and jump conditions 
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across the melting surface are 


a + — a — a s , 


= *8 • 


u s = — 


K ( aj 


' — ~ -f- ~b 

Pg ~ Pg ~ Pg ’ 


CtsP-g 9*3 

f + = f- = T m 


(ID 


the third of which implies dp g /d *3 -> 0 in the infinite-permeability/unconfined 
limit ic -> 00 . In addition, overall conservation of enthalpy flux across x—x m is 
expressed, using Eq. ( 8 ), as 


[(1 - a s )li + ct s l g ]n m ■ Vf \- x= ^ - [(1 - a s )l s + ct s X g ]n m ■ Vf \ i=i - 
= (1 - a s )p s G~ l ^[y s + (c s - ci)t m ] 
where the geometric factor G m and the unit normal h m are given by 


( 12 ) 


G m — 




\dxi J 


dx 2 ) 




(13) 


respectively, and where y s is the heat of melting of the solid at temperature T — 0 
( y s being negative when melting is endothermic). 


III. Nondimensionalizations and Further Approximations 

The formulation presented in the preceding section is meant to be a reason- 
able representation of certain classes of materials, such as the nitramine propellant 
HMX, that satisfy the main assumptions introduced thus far. Typical values asso- 
ciated with the physical properties of two widely studied nitramines, HMX and 
RDX, are quoted in various places . 516 The only additional primary approximation 
that is introduced is the assumption, already alluded to in the preceding sections, 
of gas-phase quasi steadiness. 7-19 This approximation is common in analyzing 
the stability of deflagrations in nonporous propellants (though it can be relaxed 
under certain conditions 20-22 ), and, for multidimensional stability analyses, gen- 
erally has been accompanied by a quasi-planar assumption as well . 23 This notion 
of gas-phase quasi steadiness, which is discussed in more detail in Ref. 9, thus is 
extended to the two-phase-flow problems associated with porous materials, and is 
a particularly convenient approximation for the present study in that both confined 
and unconfined geometries then can be treated within the same framework. How- 
ever, we emphasize that even though the velocity field can be approximated as 
one-dimensional (because of the dominance of the normal component) by restrict- 
ing the analysis to weakly nonplanar deflagrations, terms representing transverse 
diffusion of heat remain. As a result, the present formulation retains certain multi- 
dimensional gas-phase effects, and thus does not explicitly invoke gas-phase quasi 
planarity as a simplifying assumption. 

In proceeding with a reasonable nondimensionalization for the present class of 
problems, it is convenient to introduce a characteristic velocity U defined as the 
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speed of propagation U = -dx m /d t associated with the special case of a quasi- 
steady planar deflagration (an explicit expression for U is presented in Secs. IV 
and V). Assuming constant values for heat capacities and thermal conductivities, 
we then introduce the nondimensional variables 


PsCs U ~ 
x — — = -V, 


X s 

u i,g 


- - 2 
f _ PsC s U 


Pg 


L s,l,g 


l s,l,g 

Tu 


u ~p* 


Pg 


El 

p\ 


(14a) 


where p“ = pjW g /R 0 t u denotes the gas density at the unbumed temperature t u 
and pressure In addition, the nondimensional parameters 


Ys = 


. El 

Ps' 

f - El 

Ps 

II 

<*-< |<.~f 
II 

Xs 

Ys 

o=- i 

~PsC s p U g K 

, ft 

C S T U ' 

Cst' 

K — ~ 

Xs Pg 


Y~ 1 

X = 

Y 

R°T b 

A = 


b = 


cj_ 
~ » 
C s 


b = 


El 

PsCs T u 

^•sA. 

Ps^S U 


„ J 

c s 

(14b) 


are defined, where y is the ratio of specific heats for the gas. Note that A is the 
appropriate burning-rate eigenvalue, the determination of which will provide the 
quasi-steady, planar propagation speed U. 

Transforming to the moving coordinate £ = x-} -x m {x \ , x 2 , t ), whose origin thus 
is defined to be x m , and introducing the aforementioned nondimensionalizations, 
Eqs. (1-12) become 


$ + £[ 4>-ir)H * <0 


3 3 


+ fap « ( u « ~ =0 ' £ >0 
da 3 r V dx„ y 

a? - a? L° '-“T'-irj. 


— A(1 — a)exp 


N 



d 

dt 


[(1 - a, + fba s p g )T] + (1 - cO 


+ rba s — 
of 


+ rta. 


(Eti. _ 

\ dt dt d$ J ’ 


V 3t ) af 

- V m .[(!-«, + fo I )v m r] 


(15) 


(16) 


$ > 0 
(17) 


f <0 


(18) 
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— [r(l - a)(Q + bT) + rbapgT ] 
Ot 


r( 1 - a) (ui - ( Q + bT) + rba ^ u g - p g T 


= V m .{[Z(l-a) + ?a]V M r}, £>0 

PgT g — P g 

ui - — (1 -r)— 
r at 

subject to the boundary and melting-surface conditions 


ic(a s )dpg 

a=a s , u g = — for £<0 

Ots O 9 

T — > 1 , pg — > 1 as ^ — > — oo 

Pg = P g for I > 0; a -> 1, u g -> m* 
r — > 7/, as £ — > -boo 

+ + k(<x s ) dPg 

a -a -a„ u g -u g , u g ^ ^ |=Q _ 


Pj = Pt = Pt’ 


T + = T~ = T m 


[/( 1 - oc s ) + !a s ]n m ■ V m r| f=0 + - [1 - a s +lot s ]h m • V m r|| = 0 - 


= (1 - u s )G~ l —^[y s + (1 - b)T m ] 
01 


where 


V -GH£1 


9 9 dx m 9 

9£ 9^2 9*2 9£ 


is the gradient in the moving coordinate system. The limit p b g — ► 1 and the elimi- 
nation of the third of Eqs. (24) can be taken in the case of an infinitely permeable 
material and/or unconfined geometry. 

In the quasi-steady gas-phase limit discussed earlier, the gas phase is regarded 
as steady with respect to $ = 0, and thus time derivatives of gas-phase quantities 
in the moving coordinate system (viz. dp g /dt, d(ap g )/dt, and d(ap g T)/3t) can 
be set to zero, so that with the use of Eq. (21), Eqs. (15—19) become 




+ (1 ~ “)■ 


- rap g (u g - =0, £ > 0 
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dx„ 


dt 


= rA(l - a)exp 


K-f)] 

dT dx m dT , 3 \( dx m \ 1 

(1 - or,)- - (1 - a.)— — + rba s -\[u g - — y g T J 


t > 0 (28) 


4 [O-oXB +«•)) + £ 


[- 


- a) d -^(Q + bT) 
at 


(29) 


+ fia ^ /»,r = V m • {[/(l — a) + ta]V m T] |>0 


(30) 


Equations (20-24), along with the equation of state (20) and boundary/interface 
conditions (22-25), constitute the final model that is considered. 


IV. Burning-Rate Eigenvalue for Steady, Planar Combustion 

Time-independent solutions of the final formulation given in the preceding sec- 
tion correspond to either steady (unconfined) or quasi-steady (confined) defla- 
grations. In either case, the nondimensional propagation speed dx m /dt = -1 by 
definition, and the classical problem is to determine the dimensional burning rate 
U by obtaining an expression for the burning-rate eigenvalue A. Thus, we first 
consider the more general case of a confined geometry, to seek a solution for the 
steady eigenvalue problem 


jd_ 

_d 

dH 

d 


(«* + 1) 


(1 -a) + ra^(u g + 1) 


= 0, £ < 0 

= 0 , I > 0 


d£ 


(1 - a) = — rA(l - a)exp 
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(31) 

(32) 

(33) 


dr 
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'dt' 


0 + f ba s — [p g {u g + 1)] = — 
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dl L 


- dr 
(1 -a s +la s )— 

d£J 


+ rbxa. 


dPg 


— [(1 - a)(Q + bT) + rbapg(u g + 1)] 

= f>o 


d$ ’ 

I < 0 (34) 


(35) 


subject to the boundary and melting-surface conditions (22-25) which, when 
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specialized to one dimension, become 
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- a s . 
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for $ < 0 
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„ dr 



„ dr 
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+ la s ] — 


-[1 

-0‘s + loi s ]—r 


d£ 

t =o + 

d ? |=o- 



= ( 1 - a.) [-Ys + (b -l)T m ] (39) 

Here, the alternate expression for the coefficient n indicated in Eqs. (14b) has been 
used in the last term of Eq. (34), and the equation of state (20) has been used to 
give a closed problem for a, p g ,u g ,T, and the eigenvalue A. 


A. Preliminary Analysis 

A partial solution in the region £ < 0, where chemical activity is absent, as 
well as expressions for Tb, u b , and w g (0) = u g \^ -o, are obtained as follows. From 
Eq. (31) and the boundary conditions (36), we have 

p s (u g + 1 ) = 7 \ | < 0 (40) 

and hence 


««li = o= T m /p b g -l (41) 

We observe from Eq. (40) that because T > 1 , the gas velocity u g > — 1 in the gas- 
solid region £ < 0. That is, consistent with a quasi-steady mode of burning, the 
speed of gas permeation into the solid must be less than the propagation speed of 
the deflagration. Equation (32) and surface conditions (38) and (41 ) then imply that 


b, . a+a^f-l) 

Pg(u g + 1) = x T, 

s ra 


which, upon evaluation at £ = oo, determines u b in terms of Tb as 



Turning attention to the energy equations (34) and (35), we can readily perform 
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a single integration and use the preceding relationships to obtain 

„ dr 

(l - a s + rba s )(T - 1) = (1 - a s +la s )—- +rbxct s (p g - 1) |<0 (44) 

d£ 

[b( 1 - a) + b(a - a s + ra s )]T 
dT*' 

= [l(l -a)+la]— ~(l -a)Q+b(l-a s +ra s )T b , £>0 (45) 

Thus, subtracting Eq. (44) evaluated at £ = 0“ from Eq. (45) evaluated at f = 0 + 
and using the jump condition (39), we obtain an expression for 7* given by 

T _ (1 -ois)(Q + 1 +y s ) + rba s [l +x(Pg ~ l)] 

b b(l-a s +ra s ) 

which, from Eq. (43), determines u b g as 

u b g = -«»X2+ 1 +Ys -rb)-rb(p h g - l)(l — Qf^x)] (47) 

We note that in the limit p b -> 1, Eqs. (46) and (47) collapse to the results for 
unconfined burning, where in place of Darcy’s law in the solid-gas region, p g = 1 
throughout. 

It is clear from these results that, because 0 < x = 1 - 1 // < 1 . ^ increases 
linearly with the overpressure p b — 1, as shown in Fig. 2. It is readily seen that, 



Fig. 2 Final burned temperature T b as a function of the overpressure p b — 1. As 
the overpressure increases past a critical value, 7* changes from a decreasing to an 
increasing function of the porosity a,. 
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for small overpressures, 7i decreases with increasing values of the porosity a s , 
whereas at higher overpressures the opposite trend is observed. Indeed, denoting 
the burned temperature at zero porosity by T£ = (Q + l + y s )/b, which is inde- 
pendent of p b g , we obtain from Eq. (46) that for a s > 0 , 7* = T fc ° at the critical value 
of overpressure given by p b g — 1 = (T® — l)/x . For overpressures greater than this 
critical value, the preheating effect due to gas permeation is sufficient to overcome 
that due to a decrease in the amount of solid material, resulting in an increase in 
burned temperature above T£. Subsequently, it is clear from Fig. 2 that the magni- 
tude of the difference 7), - T® at a given value of the overpressure is an increasing 
function of a s . In connection with this result, we observe from Eq. (47) and Fig. 3 
that the burned-gas velocity u b g is a monotonically decreasing function of the over- 
pressure. In fact, for sufficiently large overpressures that satisfy the condition 


l -a, ( Q + l + Y, _ A (1 - a s )(T b ° - r) 
1 - a s X V rb ) H 1-«jX) 


(48) 


which depends on a s , we find that u h g is negative, implying a gas flow in the 
upstream direction throughout the multiphase flame. This is illustrated clearly 
in Fig. 3, which shows the curves for as a function of p g — 1 crossing the 
horizontal axis at the aformentioned critical value of the overpressure. Also 



Fig. 3 Burned-gas velocity u b g as a function of the overpressure p b g — 1. Also shown 
is the gas velocity u g (0) at the solid-liquid interface. Negative values indicate gas flow 
in the upstream direction, toward the unburned solid. 
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shown in Fig. 3 is the value of the gas velocity u g ($) at the solid-liquid interface 
£ — 0, which is only positive for relatively small values of the overpressure. In 
particular, from Eq. (41), u g (0 ) crosses the horizontal axis at the critical value 
p b - l = T m — 1, beyond which gas flow is directed into the solid-gas region, 
resulting in the preheating effect due to gas permeation as described earlier. 
Further solution of the problem in the liquid-gas region, which is necessary for 
the determination of the buming-rate eigenvalue, is considered in Sec. IV.B. 

Before proceeding with an analysis of the liquid-gas reaction region, we observe 
that the problem in the solid-gas region can be reduced to a scalar problem for 
the gas pressure p g . In particular, from Eq. (40) and the Darcy formula for u g in 
Eqs. (36), T and thus u g are given in terms of p g by 


T = P g 



Up = 1 , 

Pt 


I <0 


(49) 


Substituting these results into Eq. (44) thus yields a second-order equation for p g 
in the region £ < 0 given by 


= (1 - 0‘s + ids )^ p g ^1 - ^ j + fb X ct s (p g - 1) 


subject to the boundary conditions 


(50) 


P* = P b r 


dPg _ a, 

d£ k 



at £=0 p g -+ 1 as £->—oo 

(51) 


where the second condition follows from the Darcy formula and Eq. (41) for u g 
evaluated at £ = 0. We note that the last condition, aside from being consistent with 
the first of Eqs. (49), is already built into Eq. (50) because Eq. (50) is really a first 
integral of Eq. (34). Had the preceding expression for T been substituted directly 
into the latter, a third-order equation for p g would have been obtained, permitting 
the specification of the three boundary conditions (51). The problem given by 
Eqs. (50) and (51), the solution of which will determine T and u g according to 
Eqs. (49), are treated in Sec. V. 


B. Burning-Rate Eigenvalue 

To determine the buming-rate eigenvalue, we must complete our analysis of the 
liquid-gas region £ > 0. In this regard, Eqs. (33) and (45) constitute two equations 
for T and a in this region, with u g then determined by Eq. (42) and the eigenvalue 
A determined by the boundary conditions. To handle the Arrhenius nonlinearity, 
we exploit the largeness of the nondimensional activation energy N and analyze the 
problem in the asymptotic limit N » 1 . Because p g = p b g throughout the liquid- 
gas region, the analysis of the confined and unconfined problems is essentially the 
same for £ > 0. 
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In the limit N -*■ oo, all chemical activity is concentrated in a very thin re- 
gion where 7 is within 0(1 /N) of T b . Denoting the location of this thin zone by 
> 0, we see that the semi-infinite liquid-gas region comprises a preheat zone 
(0 < f < $ r ) where chemical activity is exponentially small, the thin reaction zone 
where the chemical reaction goes to completion, and a burned region f > $ r ■ Thus, 
we conclude from Eq. (33) that 


a s , $ < & 

1. £ > ? 


and from Eqs. (42) and (43) that 

fr/pj-i, o<£<t r 

u g = • (53) 

f '(1 -a s + ra s )T b /p b g - 1 = u b g , | > £ r 

Because 7 is within 0(1 //V) of 7* in the reaction zone, the analysis of this thin 
region requires the use of a stretched coordinate [see Eqs. (58)]. As a result, 7 
is continuous with respect to the 0(1) outer variable £ at £ = and thus the gas 
velocity jumps across £ = by the amount 


Mg|| =? + -u g \ i=tr = (l/r)(l — r)( 1 - a s )(T b /p h g ) (54) 

which is positive, assuming the unbumed-gas density is less than that of the solid 
(i.e., r < 1). Finally, using Eq. (52), we can integrate Eq. (45) a second time to 
determine completely the outer temperature profile in the liquid-gas region as 


m)= 


B + (T m - B)exp 


b(l-a s ) + rba s 
l(l—a s )+la s 


T b , 


0<£ <fr 
$>t;r 


(55) 


where 

B = (1 - a,)(l + y s ) + fba 5 [l + x(p b g ~ Q] (56) 

b( 1 - a s ) + rba s 

We note that 7(§ ) for £ < 0 is still to be determined from Eqs. (49) and the solution 
of the pressure problem given by Eqs. (50-51), as described in the next section; 
however, it is not required for the determination of the buming-rate eigenvalue A. 
The location of the reaction zone, which appears as a sheet on the scale of the 
outer variable £, thus is determined by Eqs. (55) from continuity of 7 as 


/(I - a s ) + ta s ^ / T b - B \ 
b(l - a s ) + rba s \T m - B ) 


(57) 


The determination of the buming-rate eigenvalue A, as well as the spatial evo- 
lution of the variables a and u g (which are discontinuous on the scale of the outer 
variable £), requires an analysis of the thin reaction-zone region in the vicinity of 
f r . We thus introduce a stretched inner variable ri and a normalized temperature 
variable 0 defined by 


e = (7 - i)/(7i - 1), fi = (1 - T>')N » 1 (58) 
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where p is the Zel’dovich number, and seek solutions in the form of the expansions 


a ~ a 0 + P 'aj + fi 2 a 2 -\ 

u g ~ u 0 + f)~ l u i + f)~ 2 u 2 H 

© ~ 1 + /3~ l 6i + P~ 2 8 2 + ••• 

A ~ ^(Aq + /S _1 Ai -f p~ 2 A 2 H ) 


(59) 


The coefficients in the expansion of u g are determined readily from Eq. (42) in 
terms of the a ; and 9 it which themselves are obtained by solving the sequence of 
inner problems that arise from substituting the above expansions into Eqs. (33) 
and (45) and matching with the outer solutions for £ < £ r and £ > £ r . In particular, 
at leading order the inner problem is given by 


dao 

drj 


= r A 0 (l - a 0 )e' 


fit 


d 6, D 

[/ + (/ — /)« 0 ]-± = - 7 (l-«o) 
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or 0 ->■ a s , 
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Here, D and E are defined as 

Ds(b- b)T b + Q , 


E = 


i dr | 


*i-id* l f =tr 


(60) 

(61) 

(62) 

(63) 

(64) 


where the latter is calculated from Eqs. (55). 

The problem posed by Eqs. (60-63) now is solved readily by employing <*o as 
the independent variable. Thus, using Eq. (60), we can write Eq. (61) as 

a d9\ D 

rA 0 [/ + (/ — l)uo]e 9 ' — = — (65) 

da 0 T h - 1 

which is readily integrated from a s (at 17 = - 00 ) to any «o < 1 to give 


e &\(aa) — 


D r ao da 0 
(T b ~ l)r Ag J 0s l -|- (f — l)a a 


( 66 ) 


Evaluating the latter at ao = 1 (at which Q\ = 0) thus determines the leading-order 
coefficient A 0 in the expansion of the buming-rate eigenvalue as 


Ao 
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(T b - 1 )r(l - l ) 
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<L 
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l + (l — l)a s 


(T b - 1 )rl 


(1 - ct s ). 


l^l 
l = l 


(67) 
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and using this result in Eq. (66) for arbitrary a 0 then determines 0\ (ao) as 


0\ (<*£>) = 


U 


LJjl + tf- Qa 0 ] - t«[l + (/ - l)cc 5 ] 

U - L[l + (t - l)a s ] 



l^l 

( 68 ) 

1 = 1 


The determination of a 0 (rj), and hence 9\{r]), then follows directly from Eq. (60). 

From Eqs. (67) and the definition of A according to the last of Eqs. (14b) and 
(59), the leading-order expression for the dimensional propagation speed U is 
given by 


0 2 ~ 


r(T b - 1 )A(p b g ) 
fiDp s c s 


f(X g ,h) 


>-n 

(b - b)T h + Q 


MPg) C -NJT„ 
PsCsK 
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(69) 


where N u = Ei/R°T U = NT b is independent of T b , and the last factor, which con- 
tains the complete dependence of the burning rate on the thermal conductivities, 
is given by 


f(X s ,X,) = 


Xg — X i 


LiXg/lX, + (X g — A.;)a,]) 
X,/(l — a s ). 


^ 7 


Xg — Xi 


(70) 


Expression (69) for the burning rate, though virtually identical in form for both 
the confined problem and the unconfined problem obtained in the limit of constant 
pressure (p h g = 1), nonetheless differs implicitly for the two types of problems 
through the linear dependence of T b on the overpressure p b — 1. In particular, 
because there is an exponential dependence of the reaction rate on T b , relatively 
small changes in T b can produce significant modifications in the propagation speed. 

To analyze explicitly the dependence of the burning rate on the overpressure, 
it is convenient to define the normalized burning rate U* = U{p b g )/U{ 1), where 
the argument denotes the value of p g . Consequently, from Eq. (69), we obtain 
U* = U n [A(pg)/ A{\)] 112 , where the coefficient U„ is given by 


U n = 


T„( 1) 


‘ (b-b)T h {l)+Q " 

2 

\n h 

1 1 

_(b-b)T„(p b ) + Q_ 

exp 

l 2 1 

_Tb(l) T b (p b )\ 


(71) 


and where T b as a function of p b is given by Eq. (46). In this form, it is seen 
readily that, because T b is a linearly increasing function of overpressure and the 
nondimensional activation-energy parameter N u typically is very large [its defi- 
nition, given after Eq. (69), is in terms of the unbumed temperature T u \, U„ is 
exponentially sensitive to T b and hence to p b . Thus, as the overpressure p b g — 1 
increases from zero, the burning rate increases exponentially (Fig. 4), reflecting 
the sensitivity to the corresponding increase in the rate of gas permeation into the 
solid-gas region given by Eq. (41). We remark that this result cannot be predicted 
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Fig. 4 Normalized burning-rate coefficient U„ as a function of the overpressure 

with a constant-pressure model appropriate for unconfined deflagrations because 
in that case, the gas flow is always in the downstream direction (if one imposes 
the upstream boundary condition that u g vanish) and an increase in pressure then 
serves only to decrease 7), because of the increase in the gas density (r increases) 
that absorbs more of the heat of reaction. In the present context, the upstream gas 
density r remains constant, and an increase in overpressure serves to preheat the 
unbumed solid through enhanced permeation of the burned gas into the solid-gas 
region. In the limit of large overpressures, T^ 1 becomes small and the exponen- 
tial factor in Eq. (71) approaches a constant value. Consequently, in the range of 
large overpressures, the dependence of U n on p g becomes algebraic. This also 
is illustrated in Fig. 4, in which case (because b = b) the saturated dependence of 
U„ on p g is linear. We note that this feature (exponential transition to an algebraic 
pressure-dependent burning rate) is qualitatively consistent with most experiments 
in Crawford-type (large- volume) bombs that indicate a rapid increase in the burning 
rate frequently associated with the onset of convective burning, 6,24,25 followed by 
a less dramatic pressure dependence that typically is represented in the form Ap n . 


V. Analysis of the Gas-Permeation Layer 

The pressure-driven permeation of hot gases into the unbumed porous solid 
has been shown to be a critical factor in causing the rapid increase in the burn- 
ing rate associated with the onset of convective burning. However, this implies 
nontrivial pressure and velocity profiles in this region to satisfy the ambient up- 
stream boundary conditions on these variables. Thus, although the calculation of 



STRUCTURE AND STABILITY OF DEFLAGRATIONS 


567 


the burning-rate eigenvalue in the preceding section did not require a detailed 
knowledge of the actual solution profiles in the solid-gas region, it being sufficient 
to determine the results (40-41) for u g , there is nonetheless a strong interest in 
computing these profiles to better understand the role of convection in these types 
of two-phase-flow problems. Because gas permeation is clearly a strong function 
of the pressure difference across the deflagration, it is convenient to define an 
overpressure variable p — p g — 1, in terms of which the pressure problem posed 
by Eqs. (50-51) can be written as 


(1 - a s + rba 5 ) 


k dp 

P (P + l)“nr I 

0‘s d£ J 


= (1 - a* + la s ) 


k . dn 


+ rbxa s p 


subject to 



d P _ ( 1 _ T m \ 
d£ k \ Pb + l) 


at £ = 0 


(72) 


p — >-0 as £ -»• — oo (73) 


Because our goal is a qualitative understanding of gas-permeation effects, it suffices 
to obtain approximate solutions using asymptotic methods. In particular, we can 
introduce a bookkeeping parameter e <«C 1 and consider the realistic parameter 
regime in which r, l, a s , and k / a s are all O(e), where we note that the permeability 
k is usually proportional to some power of a s that is greater than unity. 13 26 That 
is, we scale these small quantities as 

a, = a* e, k = K*e 2 , r = f*e, l = l*e (74) 


in terms of which Eqs. (72) and (73) become 

dp 


(l_ ea ; + e 2 rba;) 


p-e—(p+ 1) 

0‘s d ? J 


(1 - 6< + o 2 l*ci*)— L 


P~^(P + I 
a* d£ J 


+ € 2 r*bxoi*p 




Pb + 

0 as £ 


-oo 


(75) 


(76) 


The problem given by Eqs. (75) and (76) has been analyzed 12 for two primary 
cases of interest: p ~ 0(1) and p ~ 0(e ~ ] ), corresponding to two different magni- 
tudes of p b g . The results of this analysis are as follows: For 0(1) overpressures, the 
second condition in Eqs. (76) suggests that there is an 0(e) boundary layer in the 
vicinity of £ =0. Consequently, a stretched coordinate rj — ^/e is introduced to 
describe the solution within the boundary layer, which then is matched to the outer 
solution for negative 0(1) values of £ . In this fashion, the leading-order composite 
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solution is determined as 

p~po(f/0 + (r»- 1X^-1) (77) 

where the leading-order inner solution po, which has been expressed functionally 
in terms of the outer variable £, is given implicitly by 




K* 6 


Po ~ Pb + T m !n 


/ po — T m + 1 \ 
\ Pb ~ I'm + 1 / 


(78) 


The boundary-layer (inner), outer, and composite solutions are illustrated in Fig. 5. 
From Eq. (77), the gas velocity in the solid-gas region is, in turn, given by 


u 


« — 


^ T m 

a s d| po(l/c) + 1 


€-(r m -l)e* 

a* 


(79) 


We observe that po(f/ e ) T m — 1 as ^ approaches 0(1) negative values, and 
thus, as indicated in Fig. 5, it is clear that gas permeation for 0(1) overpressures 
is only significant in the thin boundary layer adjacent to the solid-liquid interface, 
assuming pb>T m — 1. Although this last qualification is by far the typical case 
(because T m - 1 = T m /T u - 1 is not likely to be larger than unity), it is nonetheless 
of interest to point out that the structure of the solution will change as p* approaches 
the value T m - 1 because the gradient of pressure at £ = 0, which has been scaled 
as 0{e~ l ) in Eqs. (76), will cease to be large in that limit. Indeed, for small 
overpressures (0 < pb < T m — 1), the pressure gradient becomes negative at £ = 0, 



Fig. 5 Pressure profile p(£) in the gas-permeation region for 0(1) overpressures. 
Also shown is the velocity profile u g (£). 
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indicating, according to Eqs. (36) and (41), a gas flow out of the solid in the 
downstream direction, as in the case of an unconfined deflagration. 

The other primary case of interest in many applications is the limit in which the 
overpressure itself becomes large. In that case, it is useful to rescale p in Eqs. (75) 
and (76) by defining the scaled overpressure P = ep. In terms of P, Eqs. (75) and 
(76) become 


(1 -ea* s +e 2 f*ba* s ) 


k* d P 

P-—(P + e)— 
< d£ J 


= (i-e«;+€ 2 f*o;)- 


K* d P 

P-—(P + e) 


d£ L at* 


df J 


+ e 2 r*bxa*P 


(80) 




P— >0 as £ — > —oo 


(81) 


There is now no reason to suspect a boundary layer near £ = 0, but a straightforward 
perturbation solution on the £ scale leads to the approximate solution 


P ~ Pq 


(«;/**)(£+£„), -£o<£<0 

£o = (**/«;) P b (82) 

0, £ < — £o 


which is valid everywhere except at £ = — £o, where the derivative is discontinuous. 
This kink in the solution thus suggests the existence of a thin comer layer in that 
vicinity. Hence, we interpret Eqs. (82) as the leading-order outer solution and 
proceed to construct an inner solution in a thin region centered about £ = — £o- 
In particular, it turns out that the proper scales on which to analyze this layer are 
P ~ O(P) and £ + £o ~ (7(e). The result of a matching of the solution in this 
region with the outer solution (82) is the uniform composite approximation 12 

«/**)(£ + £o)~ P + e UP/Pb) (83) 

The outer and composite solutions (82) and (83) for the scaled overpressure P are 
illustrated in Fig. 6. It is clear that in this case, gas permeation extends an (7(1) 
distance into the gas-solid region, although, as in the previous case of (7(1) over- 
pressures, the extent of gas permeation remains, because of the relative smallness 
of the permeability k, an order of magnitude less than that of the overpressure itself. 


VI. Asymptotic Model for Nonsteady, Nonplanar Burning 

The solution analyzed in the preceding sections constitutes the special case of 
a quasi-steady, planar deflagration, and is not necessarily the only long-time solu- 
tion of the final model presented in Sec. III. For example, one generally expects 
that there exist parameter thresholds beyond which such a solution loses stability 
to one or more nonsteady and/or nonplanar modes of burning. To perform such 
stability analyses, it is appropriate to extend the previous one-dimensional large 
activation-energy analysis of the reaction zone to obtain a more tractable flame- 
sheet type of model. In such a model, the reaction zone is relegated asymptotically 
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Fig. 6 Scaled pressure profile P(£) in the gas-permeation region for large overpres- 
sures. 


to an infinitesimally thin region, and the (outer) solutions on either side of this 
reaction front are connected by derived jump and continuity conditions. This ef- 
fectively simplifies the problem by allowing consideration of a coupled problem 
for the reactionless outer variables, and is the formulation on which most modem 
analytical stability analyses are based. 


A. Outer Problem 

In the limit of large activation energy, the reaction zone collapses to a re- 
action front located at *3 = x r (x\, X2, t) > jc ot (jci , xi, t), and it is convenient to 
shift the (nonorthogonal) moving coordinate by defining the new coordinate 
£ =£ - (x r — x m ), or in terms of the original variables, f —x^ — x r (x\,X2, t). 
In this new coordinate system, the origin thus is defined to be at x 3 =x r , and in 
terms of f , the problem defined by Eqs. (15-25) becomes, given the assumption of 
a quasisteady gas phase with respect to the new coordinate system and expression 
( 21 ) for Ui, 





K < ~(*r - x m ) 


(84) 


da 


r 


dt 



(1 - a) 


dx m 

~3t~ 


+ r 


( — Z 

V 9t 



-rap g 




= 0, 


f > ~{x r - x m ) (85) 
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da „ . 

+ (l-«) 


dx m ( &Xr dx m 

HT +r v^f" 


£)]) 

(-?)]• 

(1 - 1 “->f + £ { [ (1 - “■> (- 1 1 ) + ' f ' 1 “- (“« ” ir) ' , *] r } 


— rA(l — a)exp 


K > -Ur - x m ) (86) 


„ dx r 3 Da 

V r • [(1 - a s + la s J7 r T ] -fia s -l-g-, 

ot og 


3 r n vnj-hTxij. 9 in dXm ( dXr dXm \ 


$<-(x r -x m ) (87) 
(Q+bT)} 


+ 


3 r 


rba 


(- - S) 




= V r .{[/(l-a) + Za]V r r} f 

£ > -(^r - *m) (88) 


subject to the equation of state (20) and the conditions 


a = a s , 

K(a s ) 3 p g 
u e — — 

* 3£ 

for £ < -Ur - x m ) 

Pg~* 

l(«,-*0), T-+ 1 

as £ -» —oo 

Pg = Pg 

for £ > —(x r - x m ) 

<*->•1, r-»7j, 


T\; = -(x, -x m ) — T m 

[/(l -a s ) + la s ]h m • V r r | f = - (1 -a, +ta s )h m •V r 7’| ? = 


(89) 
+oo (90) 
(91) 

-(*-*„)- 


= G-'-^d-aJ^ + d-fe)^] (92) 

ot 

where all variables are implicitly continuous across the melting surface £ = — 
(x r — x m ) and, analogous to the definition of V m given below Eq. (25), the operator 


3 (dx r \ 3 3 /3jc r \ 3 3 1 

3*i \3 jci / 3£ ’ 3^2 \3x2/3£ 3£j 

is the nondimensional gradient operator expressed in terms of the moving coor- 
dinate system attached to the reacting surface. The final burned temperature 7* 
that appears in the boundary condition (90) for the general nonsteady, nonplanar 
problem is the same as that calculated for the special case of steady, planar burning 
analyzed in Sec. IV, and thus is given by Eq. (46). 

As in the special case of steady, planar combustion, we again consider the limit 
of large activation energy (N » 1), in which case all chemical activity and heat 
release associated with the reaction term in Eq. (86) are confined to a thin 0(N~ X ) 
reaction zone at £ = 0. In this way, the original distributed-reaction problem is 
reduced to a pair of reactionless problems in the outer regions £ < 0 and £ > 0, 
the solutions of which must be matched to the reaction-zone solution valid in 
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the thin inner region |f |<£ 1. The result is an asymptotic model for the outer 
variables, subject to nonlinear jump conditions across £ = 0 that depend on local 
conditions there, and an evolution equation for x r (x \ , * 2 , t). With this asymptotic 
simplification, the outer solution of Eqs. (84-86) for the gas-phase volume fraction 
and velocity is given by 


la s , C < 0 

|1, ?>o 


u 


8 ~ 


J /P* 

(T/p b g )g(x t.*2,0+^p 


K < ~(*r - X m ) 


~(x r ~ X m ) < C < 0 


? >0 


(93) 


(94) 


where the first of these indicates that all variation in the volume-fraction variable a 
is confined to the inner reaction zone analyzed in the next subsection and the second 
expresses u g in terms of the local temperature and the instantaneous propagation 
speed of the reaction zone, with the “constant” of integration 


g(X\,X2,t) 


T b 



dx r 

" +0 ° ” IT 


) 


to be determined. The top expression in Eq. (94) may be combined with the 
expression for u g in Eqs. (89) (Darcy’s law) to give the additional relation 


T = p g 


k dp g / dx r \ 1 
a s 3 £ V dt ) 


K < ~(x r - x m ) 


(95) 


which is the appropriate generalization of Eq. (49). By use of these results and the 
equation of state (20) in Eqs. (87) and (88), the outer problem becomes 

3 T „ / 3x r \ 3 T 

a A dx r 3 p„ 

= (1 - a s + la s )V 2 r T - na s — ~~~-, f < ~(x r - x m ) (96) 

ot of 

m -«.)% + [*a - «,) + fi„,] (- ^ - ki - rxi - 

= [Z(l - a.) + ta,]V?T - (x r - x m ) < ( < 0 (97) 

fbg ^ = (V r 2 T, C > 0 (98) 

subject to boundary and interface conditions (89-92) on T and p g . From the 
expression below Eq. (92) for V r , the Laplacian operator V 2 in the (jci, xi, £) 



STRUCTURE AND STABILITY OF DEFLAGRATIONS 


573 


coordinate system is given by 

, 3 2 3 2 2 3 2 3* r 3 2 

r== 3l 2 + 3^| +Gr 3C 2 “ 2 3^3^3f 

_ 2 a^_al__/a^ + aVW 

3x2 3x23£ \ 3*? 3*1 / 3? 


where 



(99) 


We observe that substitution of relation (95) into Eq. (96) gives a nonlinear partial 
differential equation for p g , analogous to the ordinary result (50) for steady, planar 
burning. These conditions, however, still are not sufficient to determine the solution 
completely for the outer variables. To do so requires additional jump and continuity 
conditions across the thin reaction zone located at f = 0, as well as an expression 
for the gas-velocity function g(xi ,* 2.0 in the region f > 0, which necessitates an 
analysis of the inner reaction-zone problem. 

The derivation of two of the additional conditions needed to close the outer 
problem can be obtained directly from an integration of Eq. (88) across the thin 
reaction region; i.e., from £ = 0“ to 0 + . Using results (93) and (94), and accounting 
for the fact that quantities such as a, T, au g T, aT, (1 - a)T, adT/dl ", and 
(1 - a)d T /3 £ behave, in the limit of large activation energy, as distributions there, 
the continuity and jump relations 


r|f=o- = T | f = 0 + 


( 100 ) 


and 


rbg + [(1 - a s )rb + a s rb +(1 - a s )(l - r)b -^- } T 

ot ot 


C=0 


+ 0 -Us)Q 


3* r 

1 7 


- / 3* r 3 T 3* r 3 T \ 


f=0 


= Gi 


-3 T 

» „ 

„ 3 T 

- [1(1 - a s ) + la s ]—~ 

] 

3f 

C=o+ 

II 

O 


( 101 ) 


are obtained. The structure of the inner reaction zone, with suitable matching of 
solutions in that region to the outer solutions, now must be addressed to obtain an 
additional jump condition across f = 0 and an expression for the function g intro- 
duced in Eqs. (94). We thus employ the method of matched asymptotic expansions 
and seek solutions to the coupled outer problems in the form of the expansions 

T ~ T <<y> + N~ l T m + N~ 2 T (2) -I , and similarly for the gas-velocity function 

g. Hence, to leading order, the outer equations obtained thus far are given by 
Eqs. (89-101) with T and g replaced by F (0) and g (0) , respectively. 
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B. Reaction-Zone Solutions 

Spatial variations in the reaction-zone solutions in the normal (f ) direction occur 
on a short, of order N* 1 , length scale relative to that of the outer solutions. Accord- 
ingly, it is appropriate to introduce the stretched normal coordinate p defined by 

i) = ~ x r ) (102) 

where f) is the Zel’dovich number defined in the last of Eqs. (58), and it 
is also convenient to introduce again the normalized temperature variable 
0 — (T — l)/(7), — 1). Solutions to the inner problem then are sought in the form 
of the expansions 

a ~ a 0 + P~ l ai + P~ 2 ci2 H 

u g ~ u 0 + /T'h, + /T 2 h 2 + • • • ( 

0 ~ l + fi-% +p- 2 h + --- 
A~^(Ao+^ ! Ai+/J 2 A2 + ---) 

where the latter represents the appropriate expansion of the burning-rate eigen- 
value of the basic solution corresponding to steady, planar burning. We note that 
because p g = p g throughout the gas-liquid region, no such expansion is required 
for p g and thus, provided that the assumption of gas-phase quasi steadiness re- 
mains valid, the development in this section is valid for both unconfined and 
confined geometries. Substituting these expansions and definitions into Eqs. (85), 
(86), and (88) and equating coefficients of like powers of the leading-order 
inner problem is derived in the following fashion. Beginning with Eq. (85), we 
obtain 



dx r da 0 dx m da 0 

b (1 — r) 

dt dp dt dp 


pb ^ 

+ (a 0 wo) = 0 

Tb op 


(104) 


Integrating this result and applying the matching conditions a 0 -+ <+ and 
u 0 — ► —{Tb/Pg — \)dx r jdt as p -*■ — oo, we obtain an expression for «o as 


u o 


T b (a<i - a s ) 

P b g fOiQ 


(f-D^-(l-r) 


dx m 

~dT 



(105) 


From the matching conditions ao~>l and m 0 (T b /p b g )g m + +dx r /dt as 
p -*■ +oo, an expression for the outer gas-velocity function g (0) (xi, x 2 > t) in the 
region £ > 0 then is found to be 


g m (x\,x 2 ,t) = 


1 - a. 


dx r dx m 


<«» 


which is needed in Eq. (98). 

Utilizing Eq. (105) for the gas velocity, we find that the remaining part 
of the leading-order inner problem for ct 0 and + is determined from Eqs. (86) 
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and (88) as 

dx r dx n 

r— + 


~~ = — rA 0 (l - a 0 )e e ‘ 


dt J 9/7 

dx r dx m 1 „ dan 

H +,, - r) ir\ iS+fb - b)T ^ 

= «-l)G;Aj[( + ( /_ i)O0] ^j 

subject to the matching conditions 

«o-»l. 6*i ~ © (1) | f = 


(107) 


o+ 


and 


a 0 


a s , 6»i~@ (1) | _+/? 


a@(°> 


9c 


as 


f=o- 


+ 00 


as 


-oo 


(108) 


(109) 


(110) 


where, consistent with the definition of ©, the 0 (,) are defined as @ (,) = 
(T ( ‘) — l]/[7* — 1]. We note that because spatial variations in the normal (f ) di- 
rection are large relative to those in the transverse direction and those with respect 
to time, as reflected in transformation (102), the reaction-zone problem posed by 
Eqs. (107-1 10) is always quasisteady and quasiplanar, independent of the assump- 
tion of quasi steadiness for the outer gas-phase equations introduced earlier. Thus, 
integrating Eq. (108) using Eq. (109), and then transforming to a 0 as the inde- 
pendent coordinate according to Eq. (107), we obtain a first-order equation for 9\ 
given by 


rA „ t »,fl = J 

9«o ' Tb — 1 / + (/ - l)a o 


where 


H mj — —G r 


-I 


9x r ,dx m 

r Ml - r) 

dt dt 


(111) 


( 112 ) 


Equation (111) then can be integrated with respect to a 0 by using Eq. (110) to 
give 

» _fl, ttI Q + (P - b)T b 
rA 0 e = H mr 

(/ - l)~ l m + v - /)a 0 ]- 4/ + (l - l)ct s ]h 
l~ l (a 0 - o?j) , 

For the special case of steady, planar burning, 

dx m dx r 


lytl 
1 = 1 


( 113 ) 


dt 


dt 
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and © C. * * * * * (1) * * * | f _ o+ = 0 in the matching condition ( 1 09). Because Eq. ( 1 1 3) must hold for 
all solutions, these conditions imply result (67) for the leading-order coefficient Ao 
in the last of expansions (103) for the burning-rate eigenvalue. Here, 7* was given in 
Eq. (46), a result that in fact applies to the more general nonsteady, nonplanar prob- 
lem, given the assumption of a quasi-steady gas phase and the specification of p b g . 

For the general nonsteady, nonplanar problem, Eqs. (67) and (113) and matching 
condition (109) yield the local temperature-dependent propagation law 

/f m , r =exp(i© , | f=0+ ) (114) 

Equation (1 14) introduces the next-order outer variable ©' into the analysis, but 
this additional complication, which is fundamental to this type of analysis, 22 can 
be circumvented in an approximate fashion by truncating the inner expansion for 
© given in Eqs. (103) after the 0(fi ’) term, so that matching condition (109) 
implies that 0 fl) | ? _ 0 = /8(©| { = o - 1). Reverting to the original outer temperature 
variable T, we find that Eq. (1 14) can be expressed as 



— (1 — r)- 


dx m 

7)7 



T b -T | c=0 \ 
T„- 1 ) 


(115) 


where we have used definition (112) for H m r . Substitution of Eq. (115) and ex- 
pression (106) for g into Eq. (101) then leads to the result 


f dT_ 

3(7 


ar 

-[/ + (/— 

f=0+ "s 


f=0- 


+ a-ot s )(i-i)G; 2 


/a^ar 

\axi dxi + 


dXr ar\ 
3x 2 3x 2 / 


(=0 


= -d - oc s )[Q + (b- b)T\^o]G;'exp(-^ ■ (116) 

which, if we retain Eq. (1 15), replaces Eq. (101) as the required jump condition 
across the thin reaction zone. When the outer solution is approximated (truncated) 
by setting T ~ T (0) and g ~ g (0> , the derived conditions (100) and (101), the prop- 
agation law (115), and expression (106) for the outer gas-velocity function g close 
the outer problem posed by Eqs. (89-92) and (93-98). 


C. Summary of Asymptotic Model 

The model derived in Secs. VI.A and VI.B constitutes an asymptotic formu- 

lation, valid for large activation energies, of deflagration in porous energetic 

materials for the case of a thermally expansive, quasi-steady gas phase. In this 

regime, the reaction zone becomes thin relative to the convective-diffusive struc- 

ture of the deflagration wave, in such a way that both the jump condition across the 

reaction sheet and the propagation law that governs its motion display a sensitivity 

to local temperature perturbations. This sensitivity is of a finite, but exponential, 

form that is induced by the original Arrhenius nature of the reaction rate in the 

asymptotic limit described earlier. It is helpful to collect the preceding results 
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for future reference. Hence, the asymptotic model, expressed in nonorthogonal 
coordinates (x\,X 2 , £) attached to the reaction surface (f =0), is given by 



1 

3 T 

1 + a 1 (f£> - 1) 




(1 - a,) • 

s7 ~ ' 

rb + a s (rb — rb ) 


0 


rb 


dx r 3 T 



r 

0 

(1 - <*s) 

s*. 

1 

V — ✓ 

b 

b 


dx m 

~dT 


0 

“ 

0 

dx r 

’ ~d 7 

b 



dr 

W 


1 + a s (t — 1) 


fM 

l + a s (t - l ) 

■ V;T - na s ■ 

0 

t 


[o] 


dx r dp g 

IT Of 


t, < -(Xr - x m ), - (x r ~ X m ) < Z < 0, £ > 0 


(117) 


T = 



C < -(x r - x m ) 



-(1-r) 


dx m ( p 

— = G,exp(-- 


subject to 


r fc -T| c=0 \ 
T b - 1 ) 


(118) 

(119) 


T -*■ p g -*■ 1 as £ -*■ — oo, r ->■ Tb as f -► +oo (120) 

T = T m at f - -(x r - x m ) p g = /?* for f > -(x r - * m ) (121) 

(“Sf ’ i) • {[/ + «,(/ - /)]v r r| f= _ (Xr _ Xm)+ 

-[1 + «,(?- l)]V r r| f = _ to = ^(l-cc s )[y s +(\-b)T m ) 

01 

( 122 ) 

7Vo- = T\(=o+ (123) 


? 3T 

'aF 


[/ + (/- Z)cr,] 


c=o + 

+(1 


.ar 

aF 


f=o- 


- / 3x r dT dx r 3 T \ 

= -d - a, lie + V>- " ) 


(124) 



578 


S. B. MARGOLIS AND F. A. WILLIAMS 


where the dot in Eq. (122) represents the scalar product of the vector on the 
left with the operator V r given below Eq. (92), and where expressions for 
V 2 = V r • V r and G r are given in and below Eq. (99). Equations (117-124) 
constitute a closed boundary- value problem for x r , x m , T, and p g , an equation 
for the latter being obtained from the combination of Eqs. (117) and (1 18) in the 
region f < ~(x r -x m ), and can be solved subject to arbitrary initial conditions. 
In many applications, however, one is concerned primarily with the long-time 
basic solution corresponding to a steady, planar deflagration, as described by 
the formulation derived in the preceding sections, and its stability. We also note 
that the porosity a has been reduced to a simple step function by the asymptotic 
formulation and that other quantities of interest, such as the gas velocity (94), are 
given in terms of x r , x m , p g , and T according to the formulas derived previously. 


VII. Basic Solution and Its Linear Stability 


As an illustration of the usefulness of the asymptotic model derived above, 
we consider the stability of a steady, planar deflagration in the unconfined limit 
p b g = 1, with k — > oo which implies that p g = 1 throughout. A basic solution of 
the model (117), (1 19-124) in that case, corresponding to a steadily propagating 
planar deflagration and denoted by a zero superscript, is given by the solution 
constructed in Sec. IV, namely, 


x 


o 

m 




x Q =x o , 1(1 -« s ) + ta, 
r m b(l — a s ) + rba s 



(125) 


r u (0 = 


1 + (T m - l)exp 


1 +a s (rb - 1) 
1 +G i s (l - 1) 


(f +*?-*£) 


? < “I*? -*m) 


B + (T m - B)ex p 


b(l - a s ) + rba s 


T b = 


U + x? - x°) 
l(l-a s ) + la s VS 

-(*?-*£)<? <0 

(1 - ofj)(g + 1 + Vs) + rba s 


where 


B = 


b[ 1 + a s (r - 1)] 

(1 — a s )(l -I- y 5 ) + rba s 


f >0 


(126) 


(127) 


b( 1 — a s ) + rba s 

and, from Eqs. (94) and (106), the steady, planar gas-phase velocity u° g is given by 


u 


o 

g 


T- 1, 

f- 1 [(1 - f)(l - a s ) + (T b - 1)(1 - a s + a,r )], 


? <0 
f >0 


(128) 


The buming-rate eigenvalue and propagation speed are given by Eqs, (67), (69), 
and (70), but are not needed explicitly in the stability analysis that follows. Here, 
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we are interested particularly in the effects of the porosity a s , in the realistic limit 
of small gas-to-solid density ratio r , on the stability of steady, planar deflagration 
given by the basic solution (125-128). As shown below, the value of the burned 
temperature plays a critical role in determining the corresponding neutral stability 
boundary, in part because the propagation velocity is exponentially sensitive to T h 
in the large activation-energy regime. From the last line of Eqs. (128), 7* has the 
behavior 

T„ = (1 /b){Q + 1 + y, - n»,/( 1 - a,)](Q + 1 + Ys~b) + 0(r 2 )} (129) 

for r <£; 1. Because the nondimensional heat release Q typically is significan- 
tly larger than unity, whereas the specific heat capacity ratio b generally is not 
significantly larger than unity, the final burned temperature, and hence the steady 
mass burning rate, decreases with increasing porosity and increasing gas density in 
the unconfined limit. However, as discussed in Sec. IV (Fig. 3), the opposite trend 
is predicted for the confined problem once the overpressure achieves a critical 
value. 

When the derived asymptotic model is used, the linear stability analysis of 
the basic solution (125-128) follows a standard approach. 9 Briefly, perturbation 
variables <p m (x l, * 2 . <M* l, * 2 . t)< and z(xi,X 2 , f, t) are defined according to 

d T ° 

Xm=x° m +4> m , x r =x Q r +4 > r , T = T°U) + x+<l> r — (130) 


These definitions are substituted into the asymptotic model defined by Eqs. (1 17), 
(119-124), and the equations are linearized with respect to the perturbation vari- 
ables to obtain a linear problem for <j> m , <p r , and r given by 


dr dz dd> r dT° 

il - as) - +[l+as( r b -l )] --rbu s f- 

- ( d 2 x d 2 z d 2 z\ 

= [i+«,(/-i)](^ + ^ + ^J 

rb( 1 - a s )^- + [b + a s (rb - b )]^ 
at dg 


' - d<b r 

rba s — hfi(l - r)(l - a s 

at 



d r° 

dt _ 

df 


— [7-f-i 


r ( d 2 x 9 2 z d 2 z\ 

« dz t ( d 2 z d 2 z d 2 z\ 

Ml + « s (f-l))-=/(^ + R + ^), 


d(l>r Mm _ P 

r dt ( r dt 2{T b -l) 1 




(131) 


-{x° r -x° m ) <C <0 (132) 
? > 0 (133) 

(134) 


?=o+ 
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subject to 


[/ + « 


as 

C -* 

±oo 




(135) 

dr°\ 



( 

dr°\ 

= 0 

(136) 

) 

Ju 1 




r + TTT ) 

dC ) 

f=- 


ir V 

d£ / 



■-Oil 

/ 3r 


d 2 r°\ 




(sc 

+ <t>m 

dC 2 / 





[1 + 

d<Pm 

at 


(ax d 2 r°\ | 

V a ? d C 2 / lf = -(x?-x«) 


(1 - a s ) [— y s + (b - l)T m ] 


/ dr°\ 

T|f = 0+ = ( f + I 


f=o- 


,3r 

'3f 


[/ + «,(/ - /)] 


f=o+ 




Ln 


/ 3r d 2 T°\ 

^T + (i ,. h ( 2 + _^_)- 


{ = 0 + 


(137) 

(138) 


(139) 


where we have used the fact that dr°/df = 0 for C > 0. 

From Eqs. ( 1 30), steady, planar burning clearly corresponds to the trivial solution 
<t> m = (p r = x = 0, whereas nontrivial solutions to the linear stability problem are 
sought in the form 


0m 


Cm 

0r 

X 

= exp[/(o)f ± ± ^ 2 ^ 2 )] 

Jn 


(140) 


which has been normalized by setting the coefficient of <j> r equal to unity. Equa- 
tions (131-133) and Eq. (135) then determine the function cr(f ) as 

c\e pt; + i(jo(i(ob\ + k 2 ) 1 bobi(T m - l)e* ,(f 

< < -(*?-■*£) 

C 2 C ?_c + C 3 C 9+f + io)(io)b^ + k 2 y l (bo - biC m )b 2 {T b - B)e b 2? (141) 

-(*?-*£) <?<o 


ff(0 = 


c^e 




c >0 


where the c, are constants of integration, and the other quantities that appear in 
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Eqs. (141) are given by 


rba s 

' 1 + a s (l — 1 )’ 
1 +a s (rb - 1) 

1 +«, (/- 1) ’ 
b + a s (rb — b) 
I + ot s (J — l) 


fbct s 

l + ot s (! - l) 


1 + arf - 1) 

rb( 1 - a s ) 

I a s (f — l) 


(142) 


l + a s (J — I ) 


b 5 = jH+a s (r-l)] 


and 

p = \ [b\ + yjbj +4(ia)bi + k 2 )] 
q± = \[bi± Jb 2 2 +4(icob 3 +k*)] (143) 

s = \[bs - Jbj+4k 2 ] 

The remaining conditions embodied in Eqs. (134) and Eqs. (136-139) serve to 
determine the c, and the dispersion relation co(k), where k = *J(k] + k\). 


Vin. Analysis of Dispersion Relation 

The linear stability analysis is completed here for a representative case in which 
r = b = 1 = \, corresponding to the neglect of differences between the physical 
properties of the solid and liquid phases of the material. This restriction is in- 
troduced to reduce algebraic complexity, but it clearly can be relaxed if there is 
interest in other values of these parameters. As a result, b 2 — bi,bo = bo,b 3 = b\ 
(which implies that q + — p), and bq = 0. Then, from Eq. (133) and Eqs. (136-138), 
the coefficients in Eqs. (141) are determined as 

c\ = ~(T m - l)/?iexp[< 7 +(x° -x°)] 

T b -\ 

ca = —2 io) 

P 

e qAx°~x° m ) 

c 2 = (B-\)b { - 

q--q+ 

e ?+ (*?-*£) i 

c 3 = -b { |c m L(fl - \){q + +ia>) + (T m - \)(q_-q + )] 

q- - q+ [ 

+ -[(T m -l)(q.-q+)+ ?+(B-l)]} 

icob i + k l i 


c m (q~+iw)+ - 


icoboq- 


icob i + k 2 


( 144 ) 


Cm + 


iwbo 


icob i + k 2 
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where jc° - x rn was given by the second of Eqs. (125) and 


1 

V 


+ 


(T b - l)(fci + - (B - 1 )b x + (7* - B)~ 

V D ' lfi)h 

iojb(,b] 


itobob i 


itob\ + k 2 J 


-q+W-x") 


V(itob i + k 2 ) 


exp[(^_ — q+)(x, — jc®)1 — 1 
q-(B- 1)— ^ — 4 — (T m - B) 


q+ 


(145) 


v = h,(r m - i) - (B - 1 )&,(<?- - <?+)“’ 

x [(q + i«)exp[(^_ - q + )(x° r - x°)] - (q+ + iw)] 

We remark that, in light of the above simplification, all effects due to melting of 
the solid are embodied in the parameter y s . In the limit that the heat of melting 
becomes negligible (y s -*■ 0), we have B -* 1 and hence ci -> 0. In that case, the 
functional form of the temperature function <r(£) is the same on either side of 
f = — (jc° — x ° ), and the melting surface becomes effectively invisible. 

An equation for the dispersion relation a >(k) now is obtained by substituting 
the results given thus far into Eq. (139). The result is, in terms of the coefficients 
defined earlier, 

lsc 4 - (1 - a s + ta s ) [q-c 2 + tf+c 3 + b\{J b - £)] 


= -(1 - a s ) 


Q + (l-b)T h 
2(7* - 1) 


+ 1 



C 4 


(146) 


where s and q± depend on ico and k according to their definitions given earlier. 
This is a fairly complicated dispersion relation, but typically, the gas density is 
small compared with that of the condensed phases, the thermal conductivity of 
the gas is correspondingly small, and the heat of melting is small compared with 
the thermal enthalpy. For these reasons, the gas-to-solid and gas-to-liquid density 
ratio r is treated as a small parameter, and the scalings 

l = !’r, y s — y*r (147) 

are introduced for the corresponding conductivity ratio / and the nondimensional 
heat of melting y s , where the scaled values l* and y* are considered to be of order 
unity. The dispersion relation co(k) then is expanded as 

w ~ wo + a)\r + coir 2 H (148) 

Associated expansions of all quantities in Eq. (146) that depend on these small 
parameters then are performed, keeping the overall heat release go with respect 
to the solid, Qo = Q + y s , a fixed parameter. Under this constraint, there is an 
expansion of the burned temperature 7* given by 

T b ~T^ + rT^ + ---, T° = (Q 0 +l)/b 

T b = -[«,/(! ~a s )](T b - 1 ) 


( 149 ) 
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In addition, the expansions 


B — 1 ~ y*r, Is ~ 0(r 2 ) 


(150) 


b\ ~ 1 + 


a, 


1 — a, 


-( b-l*)r + 


b\ ~ 1 


1 — a 


■l*f + 


and 


q±~ql + ql? + •••, q± - |[l ± V'l +Miw 0 + k 2 )] 


1 a. 


q± = 


2 1 -a s 


t o?* _o i b + 1 ■ * ( 2ic °o + 4k 2 ) 
b ~ 2, ^ ± 2ql^l 


(151) 


ia>\ 


2q+ — 1 


apply. Substitution of these expansions into Eq. (146) determines the equation 
for the leading-order dispersion relation coo(k) to be (2ia)o + ft)(l — q+) + 
ico(P - 2b) = 0, which, after some manipulation, can be expressed as 


4(jo>q) 3 + (i o) 0 ) 2 [4k 2 + 4b(l -b) + 2(1 + 2 b)p - p 2 ] 
+ 2ico 0 p(b + 2k 2 ) + p 2 k 2 = 0 


(152) 


This dispersion relation is identical to the result obtained when a constant density 
for the gas phase was assumed. 8 It therefore is concluded that in the absence of con- 
finement and in the first approximation for small values of r , the gas-phase thermal 
expansion has no effect on the stability behavior, a result that might be anticipated 
on the basis of the small contribution of the mass fraction of gas in this limit. 

The neutral stability boundary, corresponding to neither growth nor decay of 
the infinitesimal perturbations of the form given by Eqs. (140), can be displayed 
in a plane of the Zel’dovich number f), defined by the last of Eqs. (58), and the 
nondimensional wave number k. This boundary is obtained by setting the real part 
of the complex growth rate iw to zero. By setting the real and imaginary parts of 
Eq. (152) separately to zero, the neutral stability boundary at leading order, Po(k), 
can be obtained as the positive root of the quadratic 

(b + 2k 2 ) Pi + 2 [k 2 - (1 + 2 b)(b + 2k 2 )]Po - 4 (b + 2k 2 )[b(l -b) + k 2 ]—0 

(153) 

and the corresponding leading-order frequency coo(k) of the neutral disturbance is 

w o — \Po(b + 2k 2 ) (154) 

Because coq / 0, the stability boundary is of the pulsating type, like that obtained for 
solid-propellant combustion in the absence of two-phase flow 17,20,21 (such intrinsic 
pulsating instabilities also are observable experimentally 27 ). This leading-order 
stability boundary was obtained and discussed previously 8 and, for completeness, 
has been included in Fig. 7 (solid curves), which also exhibits the next-order 
approximation for a modified Zel’dovich number p°(k) (chain-dash and chain-dot 
curves) as discussed later. Several curves, corresponding to different values of b, 
are shown, indicating that decreasing values of b are destabilizing, which suggests 
that diminished thermal influences of the gas phase (which convects heat away from 
the reaction zone in the direction of the burned region) is less able to damp the 
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Fig. 7 Leading-order neutral stability boundaries (3o(k) ( ) for the unconfined 

problem as a function of wave number for several values of the gas-to-liquid or gas-to- 
solid heat-capacity ratio i. Also shown is the corresponding neutral stability boundary 
(top curve) for the strictly solid combustion synthesis problem; the remaining curves, 
which are first-order corrections to the leading-order boundaries, are described in the 
text. 


known thermal/diffusive instability of the condensed phase. 28 Indeed, we also show 
for reference the neutral stability boundary corresponding to strictly condensed- 
phase combustion (combustion synthesis), which can be recovered from the present 
analysis by setting r=l = b = 1 and a s — 0 in Eq. (146). This stability boundary, 
which is determined (in the absence of melting) from the dispersion relation 

4 (ico) 2 + (iw) 2 [ 1 + Ak z + 20- \0 2 } + + 4k 2 ) + \0 2 k 2 = 0 (155) 

is qualitatively similar to the stability boundaries obtained from Eq. (152), re- 
flecting the fact that this particular type of instability phenomenon arises from 
combustion of the condensed phase, with the presence of the gas having a sec- 
ondary, perturbative effect, as discussed later. The fact that the minimum value of 
0o(k), given by 0q = 1 + 2b + -y/(8 b), occurs at a nonzero value of k = (fif 8) 1/4 > 0 
(as compared with 0 O = 1 + 2b + y^l + 8b) at k = 0) suggests that nonplanar, 
cellular patterns will be observed at the transition to nonsteady burning as the 
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stability boundary is crossed. Because the leading-order results for the neutral 
stability boundary are independent of the porosity a*, they are also the same as 
those obtained previously for a nonporous case in which two-phase-flow effects 
were confined to the liquid-gas region, 14 as well as for a different model in which 
two-phase-flow effects were suppressed in favor of an intrusive gas flame adjacent 
to a pyrolyzing solid surface. 211 Consequently, these same or very similar results 
are likely to occur in a variety of different energetic systems. 

Because the leading-order results regarding the neutral stability boundary are 
independent of a s , the leading-order effects of nonzero porosity are determined 
by proceeding to the next order with respect to the ratios of gas density and 
conductivity to those of the condensed phases. With the neutral stability boundary 
thus represented as 


P ~ Po + P\f H 


(156) 


an expression for o\{k), introduced in Eq. (148), can be obtained from the disper- 
sion relation at 0(r) given by 


ico i 


= - 4 ) 1 " + - 3 ) - - 1 ) 


+ 


+ l) 

icoo + k 2 


h+ ^2i^ [h + {2i(oo + 4k2)n 


- y: { (T>° - If 1 A>0'**> - qi) - j(2iojo + Po) 

+ (T m - l) _1 (ift) 0 + ?°)(2iWo + /3 0 )exp (q° - |) 


(157) 


where po and u>q were given by Eqs. (153) and (154), respectively. It is observed 
that Eq. (157) differs from the corresponding result 8 that assumed a constant gas 
density, and thus modifications in the neutral stability boundary due to thermal 
expansion of the gas, as well as those due to two-phase flow, appear at this order 
in the analysis. Setting Re(ico 0 to zero and equating real and imaginary parts of 
Eq. ( 1 57) separately to zero then gives a coupled system of linear equations for P\ 
and a>\ that can be solved and analyzed. 9 These results are summarized later. 

It can be shown that the 0(r) perturbation coefficient Pi(k) with respect to the 
leading-order stability boundary fio(k) determined by Eq. (153) can be shown to 
consist of the sum of three contributions arising from the effects of nonzero density 
and thermal conductivity ratios r and t, respectively, and the effects of a nonzero 
heat of melting. In particular, 


W) = [«,/( 1 - «,)][&(*) + rp,(k)] + y:P Y {k) (158) 

where it is readily seen that for y* = 0, the solution for the perturbation coefficient 
Pi is proportional to the factor 0^(1 — a,,)” 1 . Positive values of the coefficients p r , 
Pi, and p y represent an upward, stabilizing shift in the neutral stability boundary 
from its leading-order position shown in Fig. 2, whereas negative values represent 
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a downward, destabilizing shift. The magnitude of these perturbations in the stabil- 
ity boundary, whether positive or negative, is seen from Eq. (158) to increase with 
increasing values of the porosity a s . In addition, there is a wave-number depen- 
dence for each effect, with nonzero values of l being destabilizing for small wave 
numbers and stabilizing for large wave numbers. The effect of nonzero values of 
r , although generally destabilizing, exhibits the opposite trend (increasing desta- 
bilization for increasing wave numbers), consistent with the physical expectation 
that the gas-to-solid or gas-to-liquid thermal diffusivity ratio of the gas to that of 
the condensed phases, which is equal to l /hr, should play a key role in determining 
the stabilizing or destabilizing influence of the gas phase. 

For nonzero values of y*, the third component y*P Y to the solution of f}\ pro- 
vides a correction that is independent of a s and, assuming an endothermic heat of 
melting (y* < 0), corresponds to the effect of increasing the amount of heat released 
in the reaction zone by the amount of heat absorbed by the liquid that accompanies 
the phase change in the preheat region. The effect of melting can be stabilizing 
or destabilizing, 8 although in the typical case of endothermic melting, the result- 
ing correction in the stability boundary tends to be destabilizing, especially for 
smaller, more typical values of b and larger wave numbers. This trend can be 
attributed to the fact that the release of the heat of melting by the liquid-to-gas 
reaction serves to enhance the heat release in the highly temperature-sensitive re- 
action zone, and that for b < 1, a greater proportion of this energy is absorbed by 
the reactive condensed phase relative to that absorbed by the nonreactive gas. A 
similar destabilizing result was predicted for low-temperature melting in gasless 
systems, 29 although this effect diminishes and then reverses as the melting tem- 
perature increases such that melting occurs within the reaction zone itself. 28 Here, 
too, the effect of increasing T m (while keeping T® and all other parameters fixed) 
is found to be stabilizing, particularly for small-wave-number disturbances. 

There is a final 0(r ) effect to be accounted for that is due to the change in the 
stability parameter f) itself that accompanies any variation in the density ratio r. 
Although thus far we have adhered to a conventional definition of the Zel’dovich 
number as defined by the last of Eqs. (58), this parameter itself varies with r 
through changes in the burned temperature T b . In particular, for small values of r, 
Tb decreases as r increases according to Eq. (149), thereby increasing the effective 
activation energy. Defining a modified Zel’dovich number p° that does not vary 
with r according to 


P° = (1 - 1/ T b °)N ° , N° S ^ (159) 

where T° is the leading-order burned temperature defined in Eqs. (149), we calcu- 
late an additional correction — a s (l — a s )~ l fl\r in the position of the neutral stabil- 
ity boundary with respect to the new parameter £°, where h = (1 - 2/ and 
Po(k) is the leading-order neutral stability boundary determined from Eq. (153). 
That is, analogous to Eqs. (156) and (158), 


~ A) + 


a s 

1 — a 



r 


+ hi* - 



r - 1 


(160) 


where h(k), h(k), and ^ y (k) are the same coefficients as those introduced in 
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Eq. (158). The two-term approximation of /J° given by Eq. (160) is shown in 
Fig. 7 (chain-dash curves) for the same values of b as the leading-order approx- 
imation fio and for typical values of the remaining parameters <a s =0.3, y s =0, 
r =0.1, t* = 1.0, T° = 6.0). Also shown in that figure, for these same parameter 
values, are the corresponding (chain-dot) curves for the case of a constant gas- 
phase density, 8 which, while still indicating an overall destabilizing effect due to 
gas-phase influences, nonetheless lie above the modified stability boundaries that 
are obtained when thermal expansion of the gas is taken into account. However, 
because the constant-density analysis did not assume gas-phase quasisteadiness, 
it can be argued 9 that at least part of this difference likely is attributable to the as- 
sumption of an instantaneous gas-phase response, because the latter may result in 
some overstatement of this destabilizing effect. From Eq. (160), it is clear that be- 
cause the linearized correction to the leading-order result, due to nonzero values of 
the density and thermal conductivity ratios r and /, is proportional to a s ( 1 — a s )~ 1 , 
whereas the coefficient is independent of a s , the effect of an increase in porosity 
is destabilizing with respect to steady, planar deflagration, and that this effect is 
enhanced by gas-phase thermal expansion. 


IX. Conclusions 

This chapter has summarized recent advances in the application of multiphase- 
flow theory to the study of deflagrations in porous energetic materials such as 
degraded nitramine propellants. The focus has been on the investigation of the 
effects of nonzero porosity and two-phase flow on the structure and stability of 
steady, planar deflagration. This was facilitated by the application of activation- 
energy asymptotics and the derivation of an appropriate asymptotic model for the 
general case of nonsteady, multidimensional propagation in both unconfined and 
confined materials. This derivation proceeded under the assumptions of a thermally 
expansive, quasi-steady gas phase, where the latter allowed the reduction of the 
more general confined problem to an analogous freely propagating combustion 
wave with a specified pressure difference, or overpressure, between the burned 
and unbumed states. 

For the case of steady, planar propagation, it was demonstrated that the existence 
of an overpressure in the burned-gas region has a significant effect on the burned 
temperature, gas-velocity profile, and the burning rate of the material. In particular, 
because of the pressure-driven permeation of the burned gases into the unburned 
material, a preheating effect is produced. Consequently, the temperature increases 
linearly, and hence the burning rate initially increases exponentially, with increases 
in the overpressure, followed by a more modest algebraic pressure dependence of 
the burning rate that is suggestive of Ap n - type laws. This rapid increase in the 
burning rate, an explicit formula for which was derived, is in qualitative agree- 
ment with most experimental results on confined materials, which tend to show 
a sudden and rapid increase in the deflagration speed that generally is associated 
with the onset of convective burning. Thus, in contrast to the case of an unconfined 
deflagration, for which the gas flow relative to the condensed material is always 
in the downstream direction, the flow of gas in the unbumed solid is, except in the 
limit of small overpressures, always directed in the upstream direction, providing 
an important mechanism for preheating the unbumed material and allowing the 
transition to a convection-enhanced mode of burning. 
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Because the steadily propagating, planar combustion wave represents a basic 
solution of the more general nonsteady, nonplanar asymptotic model, its linear 
stability can be investigated in a reasonably straightforward fashion. This was il- 
lustrated for the case of an unconfined (constant-pressure) deflagration, for which 
it was determined, as in previous studies of nonporous propellants and condensed- 
phase combustion, that a pulsating stability boundary exists in the plane of acti- 
vation energy and disturbance wave number. The neutral stability boundary was 
shown to be especially accessible for realistic parameter values, which, further- 
more, permit the effects of porosity on the location of this stability boundary to be 
handled in a perturbative fashion. Specifically, in the realistic limit of small gas- 
to-solid and gas-to-liquid density and thermal conductivity ratios, it was shown 
that shifts in the stability boundary were essentially proportional to a,(l — a s ) _1 
and that the effects of thermal expansion and two-phase flow thus result in a desta- 
bilizing shift in the neutral stability boundary relative to the nonporous case. Ad- 
ditional stability results are under investigation for the confined geometry, where 
two-phase-flow effects associated with burned-gas permeation and the subsequent 
convective preheating of the material are anticipated to have an even more pro- 
nounced effect on the stability of the deflagration wave. 
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Chapter 2.15 


Modeling of Cook-Off Reaction Violence 
of Confined Energetic Materials 

Sook-Ying Ho* * 

Defence Science and Technology Organisation, Salisbury, 
South Australia, Australia 


Nomenclature 

A, = preexponential factor for species i 

ar = time-temperature shift factor 

c = bulk sound speed 

Ei = activation energy for species i 

E'(T) = storage modulus at temperature T 

E(f) = relaxation modulus 

Kc = critical stress intensity factor 

M(ji) = expected mass of fragments having a mass fi 

m, = mass of explosive for species i 

N(fx) = expected number of fragments having a mass /z 

Qi = heat of reaction per unit mass for species i 

R = universal gas constant 

r, = inner radius of cylinder 

r„ = outer radius of cylinder 

5 = average fragment size 

j = heat source term from chemical reaction 

t = time 

A /i = tolerance 

e = strain 

£ = strain rate 

See - hoop strain rate 

r}(T) = viscosity at temperature T 

ji = mass of fragment 

H a i = mean mass of fragment in cell i 


Copyright © 1999 by S.-Y. Ho. Published by the American Institute of Aeronautics and Astronautics, 
Inc., with permission. 

* Principal Research Scientist, Aeronautical and Maritime Research Laboratory. 
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| = reduced time 

p = density 

a = stress 

u>i = fraction of undecomposed explosive for species i 


I. Introduction 

T HE development of hazard modeling capabilities to predict the response of 
munitions to various stimuli, for example, thermal or mechanical, is an area 
of increasing importance, as a result of the requirement for lower vulnerability 
munitions and the cost and environmental pressures to reduce full-scale testing. 
Exposure to high temperatures can initiate violent reactions in confined energetic 
materials. Thus, it is necessary to develop a fundamental understanding of and 
predictive models for the thermal explosion or cook-off behavior of munitions. 

Until recently, little work has been published on modeling the cook-off behav- 
ior of confined energetic materials. Although it is now possible to model/predict 
cook-off initiation temperatures and times with sufficient accuracy by heat transfer 
analysis , 1 predicting the violence of cook-off reactions is a much more complex 
and difficult matter. The modeling of cook-off response requires coupled thermal, 
chemical, and mechanical analyses to capture adequately the thermochemical and 
thermomechanical behavior of the energetic material during heating. For example, 
the constitutive equations used in the stress analysis must account for additional 
mechanisms such as thermal damage and phase transformations. In the past, most 
of the work was centered on thermochemical behavior and the onset of thermal 
runaway reactions, and still relatively little is known about the thermomechanical 
properties of the energetic materials, damage states of the materials prior to ig- 
nition, and the change in geometry of the energetic materials (dependent on the 
phase/state changes with temperature) during pressure buildup. 

The modeling of cook-off reaction response is further complicated by the lack 
of a quantitative or more scientific basis for defining reaction violence. The level of 
reaction violence is determined by the competition between the pressure generated 
from the cook-off reaction and the stress release resulting from breakup of the 
confinement. Unfortunately, scientifically based bum models are not currently 
available to predict the overpressure as a function of time. Currently, the level of 
violence is only defined based on the degree of damage or fragmentation of the 
test vessel (confinement) after the cook-off experiment. This does not, however, 
provide a definitive basis for separating the different levels of response (such as 
burning, deflagration, and explosion) because the boundaries between the various 
types of responses are not distinct. 

Traditionally, the thermal response of energetic materials has been modeled 
by thermal/chemical analysis. For example, Chidester et al . 2 used a heat transfer 
code with multistep chemical decomposition models to treat the thermal process 
until thermal runaway is reached and then calculated the hydrodynamics of the 
explosion process using a bum model in a hydrocode. Such an approach, decou- 
pling thermal and mechanical responses, however, could not model the interaction 
between the thermal/combustion processes and mechanical deformation and may 
miss important features of the cook-off event. 

Although a fully predictive capability for cook-off reaction violence is not 
yet possible, a few different methods using coupled chemical/thermal/mechanical 
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analysis 3-7 are currently under development to model cook-off reaction violence. 
The modeling strategy used by Baer et al. 3,4 involves coupling massively 
parallelized computer programs for heat transfer and quasi-static mechanics. At 
the point of ignition, the stress and temperature fields from the finite element 
thermal and stress analyses are then mapped to the cells of a finite volume shock 
physics code. To determine appropriate combustion physics models for cook-off, 
experiments are conducted to characterize the thermally induced damage of the 
energetic material. 5 The breakup of the cook-off confinement is then estimated 
from a dynamic fragmentation theory, using Lagrangian tracers in the numerical 
simulations to monitor the hoop and axial stresses of the confinement. 

The approach developed by Nichols et al. 6 at Lawrence Livermore Labora- 
tory involves the transformation of a three-dimensional hydrocode into a three- 
dimensional coupled thermal/chemical/mechanical code as a single platform for 
cook-off modeling. Several new capabilities, including implicit thermal transport, 
thermally driven reactions, models for chemical and mechanical properties of 
chemical mixtures, second-order species advection, and implicit hydrodynamics 
were added to the analysis. This code can predict the temperature at which the 
reaction occurs and qualitatively model the mechanical response, but does not cur- 
rently have models that will predict the extent of metal fracture or the pressure of 
the high-explosive products. 

A different modeling approach is used in the present study to predict cook-off 
response. It combines coupled heat (with chemistry included as a source term) and 
structural analysis (in a single finite element code 8 ) with constitutive models of the 
thermally degrading energetic material, derived from dynamic mechanical ther- 
mal analysis experiments, and pressure loading measured from an instrumented 
small-scale cook-off bomb (SSCB). The thermal and stress fields are calculated 
at each time step using the material properties at the appropriate thermal state of 
the material. This method has some advantages over the other approaches. It is 
comparatively simple and does not require supercomputers or highly parallelized 
computer systems. Also, real data are used to derive the constitutive equations 
(which take into account thermal degradation and phase changes) and the com- 
bustion models to describe the pressure buildup as a function of time. From the 
stress-strain states of the confinement, a failure analysis is conducted to assess 
the likely failure modes of the SSCB. A fragmentation analysis, using the Grady- 
Kipp dynamic fragmentation model, 9 is then conducted to assess the level of 
violence of the cook-off reaction. A hydroxyterminated polybutadiene (HTPB)/ 
cyclotrimethylene trinitramine (RDX) propellant (18:82 wt% and a particle size 
coarse/fine ratio of 60:40) is used in the SSCB to illustrate how this methodology 
is applied. 


II. Coupled Thermal/Structural Analysis 

A commercial general purpose finite element program, STRAND 6, was mod- 
ified for the coupled heat and structural analysis. A number of new capabilities 
were added to the program to model cook-off initiation and reaction violence. The 
modifications have been made to allow a transient analysis to be carried out on 
the thermal loading of the SSCB, followed by combustion of the propellant. The 
process of heat transfer and the temporal variations of temperature, stress, and 
strain are considered. 
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The transient heat solver was modified to enable the heat source from the electric 
band heaters and the chemical decomposition of the energetic material in the SSCB 
to be modeled. The heating rate from the band heaters was calibrated using an 
inert propellant in the SSCB to obtain a source term for the slow heating rate. The 
magnitude of the source used for the heater was 9.5 x 10 6 W/m 3 . The chemistry 
source term, used to describe the heat generation per unit volume of explosive at a 
given temperature, is similar to that used by Jones and Parker 10 and has the form 11 


s 


N 

= ^ pcojirii QjAj exp 

i = 1 


-Ej ' 

RT 


( 1 ) 


The thermochemical constants for RDX used in this study are A,- =3.162 
x 10 18 s -1 , p — 1.8 mg • m~ 3 , <2, = 2.09 MJ • kg -1 , £, = 200 kJ - mol -1 . The non- 
linear transient heat analysis solver allows for nonlinear variation of the material 
properties and heat source with temperature. 

A number of modifications were made to the transient stress analysis solver 
to model cook-off response. First, a capability for nonlinear viscoelastic (NLVE) 
analysis was implemented in the finite element code. NLVE constitutive mod- 
els, which are temperature and strain-rate dependent, can be implemented in two 
forms: 1) three-dimensional interpolation of the Prony series equations, represent- 
ing the shear and Young’s relaxation moduli as functions of time, temperature, 
and strain level 8 and 2) the constitutive model described by Eq. (3) (see section 
on thermomechanical properties). Reference 8 describes in detail the development 
of this NLVE analysis capability and benchmarking using coupon samples under 
various mechanical and thermal loading conditions. The accuracy of this code to 
predict thermally induced stresses has been validated for rocket motors instru- 
mented with miniature normal stress sensors and T-type thermocouples. Second, 
modifications were made to the program to monitor the temperature distribution 
in the propellant and begin the time history loading of combustion pressure when 
the critical temperature in the propellant is reached. The combined thermal and 
pressure loading is triggered at a user-defined critical temperature (see later section 
on dynamic combustion). Third, because cook-off reactions span several orders 
of magnitude in time, the existing solver was modified so that it can capture both 
the longer time response due to temperature and the short time response due to 
pressure. The program allows up to 1000 time steps with timescales from seconds 
(during initial heating) to microseconds (near ignition and during combustion) to 
be stored. 

A schematic diagram of the instrumented SSCB is shown in Fig. 1. The finite 
element analysis was carried out using eight-node isoparametric plate elements. A 
single beam element was used to represent the bolt. In the analysis, it was assumed 
that the change in propellant mass and geometry is small prior to ignition (i.e., no 
attempt was made to remove elements from the finite-element model as burning 
takes place) and that an axisymmetric model is still valid when the propellant 
expands into the air gap in the SSCB. Temperature and von Mises stress rr vm 
contours in the SSCB at 1360 s (prior to ignition) and 1560 s (during combustion) 
are shown in Figs. 2 and 3, respectively (see also color reproductions of these figures 
on p. xxv). The uniform temperature distributions in the propellant before ignition 
(Fig. 2) are consistent with those from instrumented 13-14 small-scale cook-off 
experiments at the slow heating rate («0.1°C s -1 ). 
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It is evident from Fig. 3 that the stresses in the SSCB are very high during the 
short time interval over which combustion occurs. The highest von Mises stresses 
in the different components of the SSCB confinement are listed in Table 1 . The 
most critical stress regions in the confinement during combustion are in the outer 
steel cylinder. Also note the stress contours in the top end plate that suggests 
bulging or denting. As expected, the stresses in the propellant are two to three 
orders of magnitude lower than in the confinement materials. 


A. Thermomechanical Properties and Temperature-Dependent 
Viscoelastic Models 

The stress-strain states of the energetic material change with temperature and 
the degree of damage in the material prior to ignition. Therefore, it is important 
to have material models that adequately describe the mechanical behavior over 



a) b) 


Fig. 2 Temperature distribution in SSCB at a) time = 1360 s (before ignition) and 
b) time = 1520 s (during combustion) (see also p. xxv). 
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a) b) 


Fig. 3 Von Mises stress contours in SSCB at a) time = 1360 s (before ignition) and 
b) time = 1520 s (during combustion) (see also p. xxv). 

the entire temperature range. Determination of thermomechanical behavior and 
the damage state of the energetic material are key to predicting cook-off reaction 
violence. ■ 12,15-17 

NLVE constitutive models are not readily available, in particular in the 
temperature range appropriate to cook-off behavior. Most NLVE theories 
handle material nonlinearities (arising from volume change, damage, modulus 
strain sensitivity, thermal-mechanical coupling, etc.) by including terms (soft- 
ening functions) in the linear viscoelastic constitutive equation to give observed 
behavior. For temperature-dependent behavior, the linear viscoelastic constitutive 


Table 1 Comparison between predicted von Mises stress and tensile strength 
of SSCB component materials before and during combustion 


Predicted von Mises stress in confinement 
before and at time 3 of combustion, MPa 



Tensile strength, 



Location 

MPa (°C) 

1360 s 

1520 s 

Outer steel cylinder 

480 

130-220 

1030 (adjacent to top endplate) 

(mild steel L1214) 



550-950 

A1 liner 

310(24) 

150-200 

260 

(Aluminium T6) 

234(150) 

51 (260) 

24 (371) 



Inner steel cylinder 

480 

200 

500-980 

(mild steel L1214) 
Base and endplates 

480 

30-150 

210-500 (top endplate) 

(mild steel L1214) 



100-300 (bottom endplate) 

Bolt (steel) 

Band heater 

400 

8 

20 


a Here r = 0 is defined as the time when heating begins, that is, start of the thermal transient from 
ambient temperature. 
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equation has the form 

M _ d e - 

a= EQ-ft-r d£ (2) 

Jo d£ 

where | = t /ay is the reduced time. 

In the present study, two different approaches are used for NLVE analysis. In 
the first method, a three-dimensional interpolation scheme was implemented in the 
finite element stress analysis to solve the Prony series equations, which represent 
the Young’s and shear relaxation moduli as functions of time, temperature, and 
strain level. This analysis could be extended to include damage using a cumula- 
tive damage model. 18 A second method was developed for modeling mechanical 
behavior under cook-off conditions because some propellants soften considerably 
when heated. 12 Empirical constitutive models of degrading energetic materials 
were developed from the thermomechanical data measured by dynamic mechani- 
cal thermal analysis 17 (DMTA). The stress at a given temperature, strain level, and 
strain rate is described by the equation 

a = E\T)e + jj(T) ^ (3) 

at 

where j] is the viscosity at temperature T and de/d t is the strain rate. The exper- 
imental data for E' and rj as a function of temperature were fitted to empirical 
models by a regression analysis for input into the finite element stress solver. 


B. Energy Release from Dynamic Combustion 

In this study, the measured pressure-time data from small-scale cook-off exper- 
iments was used as the pressure loading in the structural analysis because suitable 
ignition and growth or combustion models are not currently available. An in- 
strumented SSCB (described in detail elsewhere 712 ' 17 ) was used to measure the 
overpressure developed during the dynamic combustion event and the precise tem- 
perature and time of energy release from the energetic material during the cook-off 
reaction. The instrumented SSCB (see Fig. 1) has a pressure transducer connected 
to the internal volume of the vessel that enables the overpressure developed dur- 
ing dynamic combustion to be measured. An electronic triggering technique was 
devised to simultaneously trigger data collection of the temperature-time and 
pressure-time profiles to determine the precise temperature and time when energy 
was released from the energetic material during the cook-off reaction. 

Temperature-time and pressure-time profiles of the HTPB/RDX propellant at 
the slow heating rate measured using the instrumented SSCB are shown in Figs. 4a 
and 4b. The temperature and time when the pressure buildup first starts are indi- 
cated in Fig. 4a. The overpressure is close to zero until just prior to ignition. The 
temperature when the initial pressure rise is first detected in the cook-off experi- 
ment is used in the structural analysis as a trigger to begin the time history loading 
of the combustion pressure. 

The impulse (area under the pressure-time plot, see Fig. 4b) is a measure of 
the total energy released during the reaction and is used as the pressure loading 
in the structural analysis. Combined pressure and thermal loading is switched on 
in the structural analysis at the critical temperature where pressure buildup is first 
detected. 
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Fig. 4 Time histories for HTPB/RDX (18:82) propellant at slow heating rate of 0.1°C 
s _1 of a) temperature at propellant surface and b) pressure. Note: time = 0 is defined 
as the time when heating begins, that is start of the thermal transient from ambient 
temperature. 


III. Failure Analysis of Confinement 

The cookoff behavior in small-scale cook-off tests is usually assessed by visual 
examination of the damage to the SSCB apparatus after the test . 19 For example, a 
scale of test responses has been established 13 as follows: mild burning is little or 
no damage, SSCB intact; burning is outer cylinder split, inner cylinders undam- 
aged; deflagration is outer cylinder split/fragmented, inner cylinders distorted; 
explosion is outer cylinder and liner fragmented, inner cylinders split/fragmented, 
severe bulging of endplates; and detonation is considerable fragmentation, hole in 
baseplate. 

To determine the level of cook-off response in the present study, a failure anal- 
ysis of the confinement is conducted by comparing the stress/strain states of the 
confinement during combustion with appropriate failure criteria (such as the tensile 
strength of the component materials of the SSCB). Failure is predicted when the 
von Mises stress exceeds the failure criteria. The likely failure mode or damage 
to the SSCB from the failure analysis is then compared with the scale of test 
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responses just given, to provide a first approximation of the level of response that 
can be expected. Although it is often difficult, in cook-off experiments, to distin- 
guish between the different levels of damage to the SSCB (because the delineation 
of the various types of responses is not sharp) the scale described in the preceding 
paragraph is used here because at present there are no well-defined demarcations 
of levels of violence. 

A comparison between the predicted von Mises stresses from the coupled ther- 
mal and structural analysis before (1360 s) and at the time of combustion (1520 s) 
and the tensile strength of the component materials is shown in Table 1 . It is as- 
sumed that the tensile strength of the mild steel material used in the SSCB does 
not vary significantly with temperature and strain rate because of its linear elas- 
tic nature. The tensile strength of the aluminium alloy does, however, vary with 
temperature as indicated in Table 1. 

The results show that the stress levels in the confinement exceed the ten- 
sile strength of some of the component materials and that the failure mode is 
most likely to be splitting/rupture/fragmentation of the outer steel cylinder. Dam- 
age/deformation of the aluminum liner and inner steel cylinder are also expected 
because the predicted stresses in these components exceed the failure criteria. 
The top and bottom endplates, however, are expected to be undamaged, because 
the predicted stresses are less than the tensile strength of the mild steel material. 
The damage to the confinement predicted by the stress and failure analyses ap- 
pears to be consistent with the damage to the SSCB observed for the HTPB/RDX 
propellant at the slow heating rate (see Fig. 5). Here the reaction was ranked as a 
severe deflagration/explosion. 


IV. Fragmentation Analysis 

A fragmentation analysis was conducted using the Grady-Kipp model 9 20 to 
estimate the size of the fragments for each section of the confinement (consisting 
of a group of plate finite elements with similar stress-strain states) containing 
fractured material in the SSCB finite element model. For fragmentation mech- 
anisms (dependent on strain rate and temperature at time of failure) where solid 
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Band heaters 


Outer steel cylinder 


Fig. 5 Damage to SSCB test vessel; HTPB/RDX propellant at slow heating rate. 
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Table 2 Properties of confinement materials 



K c , 

Bulk sound 


Material 

MNm _3/2 

speed, ms -1 

Density, kgm 3 

Aluminum liner 

37 

6320 

2700 

Inner/outer steel cylinder 

50 

5960 

7750 


spall is dominated by fracture toughness, the average fragment size is given by 20 

S = (V24 KJpcB)^ (4) 

where K c is measured from fracture mechanics experiments. Detailed descriptions 
of the development of the Grady-Kipp dynamic fragmentation theory are given 
in Refs. 9 and 20. 

In the small-scale cook-off test, particularly for low-level responses such as de- 
flagration and mild burning, where big fragment sizes are expected, the assumption 
that the fragments are spherical or cubic may not yield accurate estimates of the av- 
erage fragment mass. In this study, the fragment mass was calculated by assuming 
that fracture occurs in the circumferential direction of the cylindrical components 
of the SSCB confinement. This is a valid assumption because the stress analy- 
sis indicates that the hoop stresses are two to three times higher than the axial 
stresses. Thus, it is assumed that the cross-sectional area of the cylindrical sleeve 
is unchanged after fracture, the fragment length is S, and the mass of the fragment 
is pSnirl - rf). 

The calculated average fragment size for all of the different sections of the con- 
finement (consisting of plate elements with similar stress and strain states), hoop 
strain rate at the time of failure egg, and material properties of the confinement 
materials are shown in Tables 2 and 3. For this analysis the critical stress intensity 

Table 3 Fragmentation analysis of confinement materials 


Location 

toe (from stress 
analysis) s _l at time 
of combustion 

Average fragment 
size, m 

Aluminum 

liner 

Cell 1 

800 


Cell 2 



Cell 3 

300 

0.10 

Inner steel 
cylinder 

Cell 1 

450 

0.052 

Cell 2 

600 

0.043 

Cell 3 

1000 

0.030 

Outer steel 
cylinder 

Cell 1 

400 

0.056 

Cell 2 

600 

0.043 

Cell 3 

900 

0.033 
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factors at 20°C were used for the mild steel and aluminium alloy materials. As ex- 
pected, the average fragment size is decreased as the hoop strain rate is increased. 
Hence, more violent reactions will result in higher loading rates in the confinement 
and, consequently, in smaller fragment sizes and a larger number of fragments. 

To obtain the fragment size distribution, a statistical analysis similar to that 
described by Kipp et al. 20 was applied to each cell (group of finite elements with 
similar stress and strain states). It is assumed that the fragment size and mass are 
exponentially (Poisson) distributed. The fragment size calculated from Eq. (4) is 
now the mean fragment size S, of cell i. The mean mass /z a , of the fragment in 
cell i is estimated from the mean fragment size as discussed earlier. 

The probability of finding a fragment of mass /z in the interval (/z, /z + A/z) was 
obtained by multiplying the probability density function 21,22 fi(fi) by A/z (where 
A/z is taken to be unity): 

fi(n) = (l//z a ,)exp(-/z//z fl ,) (5) 

Thus, the expected number /V(/z) and mass M(/z) of fragments in cell i having a 
fragment mass /z within tolerance A/z are given by 

W(/z) = m,[/-(/z)A/z] (6) 

M(/z) = N(ii)n (7) 

where M, is the mass of cell i. 

Finally, the mass and number of fragments from Eqs. (6) and (7) were summed 
over all of the cells to obtain the mass and number distributions vs fragment 
size (or fragment mass). Total mass and number of fragment distributions, after 
applying statistics, are shown in Figs. 6 and 7. The fragment sizes or masses were 
grouped into data bins of 2 mm length or 5-g intervals. The expected fragment 
number and mass distributions are compared with experimental data from eight 
small-scale cook-off tests of the HTPB/RDX (18:82) propellant. Examples of the 
frequency (number of fragments) vs fragment mass distributions from three typical 
experiments are shown in Figs. 8a-8c. Note that the top and bottom endplates 
were not included in the fragment number because fracture did not occur in these 
components. 

A comparison between the predicted and experimental results indicate that the 
failure and fragmentation analyses correctly predicted the large spread in frag- 
ment sizes (or masses) and the broad tail at the larger fragment sizes, expected 
from low-level responses. The fragment number distribution also appears to be 



Fragment mass (g) 

Fig. 6 Expected total number of fragments vs fragment mass. 
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Fragment size (mm) 


Fig. 7 Expected total mass of fragments vs fragment size. 



Fragment mass (g) 



Fragment mass (g) 
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Fig. 8 Comparison between experimental and predicted frequency vs fragment mass 
for three small-scale cook-off tests. 
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consistent with experimental data. The approximate correlation between the pre- 
dicted and experimental fragment mass distributions suggests that the Grady-Kipp 
fragmentation approach has potential for assessing the level of cook-off violence. 
More experiments and modeling of different levels of cook-off responses are re- 
quired to determine if a scale of test responses can be generated to relate the 
fragment size (or mass) and number distributions to the level of cook-off reaction 
violence. 

A fully predictive capability for cook-off reaction violence is not currently pos- 
sible. Before the present modeling approach can be applied to full-scale munitions, 
scientifically based ignition and dynamic burning models, such as the Cook and 
Haskins model, 23 need to be developed and incorporated into the coupled chemi- 
cal/thermal/mechanical analyses. This is because the overpressure developed dur- 
ing full-scale cook-off tests can not yet be easily measured. A more quantitative 
basis for defining the level of reaction violence is also required to guide the frag- 
mentation analysis. For example, the pressurization rate (dP/df) and impulse 
during the dynamic combustion event, and/or stress levels and strain rates of the 
confinement near the onset of failure, are needed to give a better understanding of 
the cook-off behavior. 


V. Conclusions 

In this study, an approach for modeling the cook-off response of an energetic 
material confined in an SSCB was developed, combining coupled thermal and 
structural analysis of the SSCB and the use of empirical material models and 
pressure measurements. A dynamic fragmentation analysis was then used to assess 
the level of violence of the cook-off reaction. The finite element thermal and stress 
models correctly predicted the temperature distributions and likely failure modes in 
the SSCB. The expected fragment size and number distributions, predicted from 
the stress-strain states of the confinement and fragmentation theory, compared 
reasonably well with the frequency vs fragment mass distributions from eight 
small-scale cook-off tests. 
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Chapter 2.16 


Solid Propellant Combustion Response: 
Quasi-Steady (QSHOD) Theory Development 
and Validation 

M. Q. Brewster* 

University of Illinois at Urbana-Champaign, Urbana, Illinois 


Nomenclature 

A = (fj - 7o)(3 tvm/dT s ) P:qr , (k/r) 

A c = condensed phase reaction rate prefactor 
A s = surface pyrolysis relation prefactor 
B = l/[(f s - 7b)(3 km/37b) M J, (1/*) 

B g = gas phase reaction rate prefactor 
C = specific heat, C p 

E c g - activation energy of condensed or gas phase reaction 
Es =E c /2 

F c< g = steady-state burning functions [Eqs. (19) and (20)] 

/ = frequency, Hz 

fc,R = 1 /tc,R 

f r = fraction of q r absorbed below surface reaction zone, exyl— K a x R ) 
f s = temperature gradient at surface in condensed phase 
J = q r /mC(j s - T 0 ) 

K a = radiation absorption coefficient of condensed phase 
k =(T S - T 0 )(d Lm/dT 0 ) p , qr 

k c g = thermal conductivity 

m - mass flux, p c r* 

m' - /S.mcxp[i(2jtft +4>)] 

n =(dL,m/dLP) To , qr ,(v) 

n q =(d (*m/d L.q_ r ) Ts:P ,(8 q /r) 

n s ={dtvm/d(n.P)T s , qr A8/r) 

P = pressure 

p 1 = AP exp[i2nft] 


Copyright © 1999 by the American Institute of Aeronautics and Astronautics, Inc. All rights 
reserved. 
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Q c g = chemical heat release (positive exothermic) 
q c - conductive heat flux to surface from gas phase 

q r = absorbed radiant heat flux in condensed phase 

q'r = Aq r exp[i2nft] 

R = universal gas constant, 1.987 cal/mol-K 

R p = pressure-driven frequency response function; (m' /m)/(P' /P) 
at constant q r 

R q = radiation-driven frequency response function; (m’ /m)/(q' r /q r ) 
at constant P 
r = (df s /dT 0 )p, qr 

r b = burning rate 

T 0a = apparent initial temperature [Eq. (15)] 

7b, s ,/ = initial, surface, or final flame temperature 

t Ct r = characteristic times, x c , r lr b 

u g = gas bulk velocity normal to surface 
W = molecular weight 

x = coordinate normal to surface, positive into gas phase 
x c = solid convective-diffusive length scale, a c /r b 
x g = gas flame characteristic thickness 

xr = condensed phase reaction zone length scale, x c / (E C /2RT S ) 

Y = acoustic admittance function 

a c , g = thermal diffusivity 

A = amplitude of fluctuating quantity 

S, S q = Jacobian parameters, vr - ^ik, v q r — [i q k 

X = I +(J)(1 +4i'S2) 1/2 

,x =[l/(T s -T 0 )](dt s /dUP) Tl)qr 

H q ^[ll(T s -T Q Wt s /b^q r )T 0p 

v = (3 Pn.m/3 tvP)r 0qr (same as n) 

v q = (3 Urn / 3 (nq r )T 0 , P 

p C)g = density 

cr p = k/(T s — To) 

<p = phase angle 

Q, = dimensionless frequency: 2nf/f c = 2nf a c /fl 

co =27zf 

Subscripts and Superscripts 

c = condensed phase, convective-diffusive, or conduction 

g = gas phase 

R = reaction zone in condensed phase 

r = radiation 

s = surface 

— = steady condition or mean value 

r = complex fluctuating quantity 


I. Introduction 

T HE term combustion response for a solid propellant is usually taken to mean 
the linearized (small amplitude) frequency response function for burning rate 
or mass flux to harmonic pressure oscillations R p . Specifically, it is the real part 
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or in-phase component of the complex frequency response function that is usually 
meant, Re{R p ): 

R p = (m' /m)/{P' /P) — (Am/m)/(AP/P)exp(!0) 


Re{Rp) = \R p \cos(p (1) 

m = m + Re{w'(/)} (2a) 

m’{t) — A m exp [i(cot -I- <p)] (2b) 

P — P + Re{P'(0} (2c) 

P'{t) = APexp[i(rt>r)] (2d) 


More generally the term combustion response can refer to linear or nonlinear 
response to any time-varying (harmonic or anharmonic) external parameter in- 
cluding pressure, radiant heat flux, or tangential gas velocity. For example, the 
linear response to radiant flux can be defined as follows: 

R q = (m'/rnH/qr) (3) 

The present focus will be on linearized response to harmonic oscillations of pres- 
sure and radiant flux: pressure because of the primary importance of pressure 
coupling between propellant combustion and chamber acoustics and radiant flux 
because of the utility of laboratory laser-driven response measurements for study- 
ing combustion mechanisms. 

Unsteady combustion response of solid propellants is important for two rea- 
sons. First, it is a necessary input for simulating rocket motor performance and 
predicting combustion instability. The linear pressure-coupled response is re- 
lated by the quasi-steady mass equation (m = p c rb — p g u g ) to the acoustic ad- 
mittance Y, which is the boundary condition used in linear acoustic analysis of the 
motor 1 


u'JUg 

P'/P 


= Rp 


Pg/Pt 

P'/P 


> Rp - 1 

T f ,W 

const 


(4) 


The last expression ( R p - 1) assumes ideal gas behavior, constant final flame 
temperature 7/, and molecular weight W. (Isentropic Tf fluctuation is also often 
assumed, in which case the 1 becomes l/y. Either way, in most homogeneous 
energetic materials, the contribution to Y due to density fluctuations via temperature 
fluctuations is usually thought to be small. An important, yet relatively unexplored, 
possible exception is fuel-rich, fine- AP/binder mixtures; see Sec. IX.B at the end of 
this chapter.) The foregoing discussion relates to linear stability analysis, which is 
the usual starting point for nonlinear analysis. For nonlinear chamber gasdynamics 
modeling of a solid rocket motor, a nonlinear, time-dependent propellant regression 
rate or combustion model must be provided. A second and equally important 
reason unsteady combustion response is important is that it is a valuable tool for 
understanding combustion mechanisms of solid propellants. By including much 
more information than steady state, unsteady combustion allows better verification 
of physical and chemical modeling assumptions. 

The primary focus of this chapter will be the classical, linear, quasi-steady gas 
and condensed phase reaction zones, homogeneous propellant, and one-dimensio- 
nal flame(s) and heat transfer (QSHOD) response. Though theoretical development 
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began much earlier, the designation QSHOD does not appear in the literature 
until the late 1980s and early 1990s. 2 3 Note the condensed phase quasi-steady 
assumption; this tacit assumption has been frequently overlooked in comparison 
to the gas phase counterpart. 


II. Synopsis of QSHOD Theory Development 

In 1942 Zel’dovich published a pioneering paper in QSHOD theory deve- 
lopment. 4 Zel’dovich showed that for QSHOD conditions, the unsteady combus- 
tion response could be analyzed by solving only the unsteady solid phase heat 
conduction equation provided one had a knowledge of steady-state burning rate 
sensitivity parameters, that is steady burning rate as a function of pressure and initial 
temperature. This approach made use of steady-state burning rate functionalities 
and the solid phase energy equation to eliminate the need for specific reaction rate 
information. That is, no assumptions about chemical kinetics were necessary in 
either the condensed phase decomposition zone or the gas phase reaction zone; it 
was necessary only that a material particle’s transit time through the reaction zones 
was much less than the characteristic time of an external disturbance. Another way 
of saying this for the condensed phase is that the decomposition zone must be thin 
enough to be approximated as a surface phenomenon (the condensed phase decom- 
position zone is also referred to here as the surface pyrolysis or just pyrolysis zone). 
This phenomenological approach, which relies on empirical steady-state burning 
information instead of assumed chemical kinetics, would come to be known as the 
Zel’dovich-Novozhilov (ZN) method. 4 

In 1959 Hart and McClure 5 published another foundational paper based on a 
semiphenomenological approach similar to Zel’dovich’s. 4 In addition to empirical 
steady-state burning rate information, Hart and McClure 5 used a simple chemical 
kinetic expression to describe fluctuating surface temperature (which Zel’dovich 4 
had assumed constant). By assuming a particular chemical kinetic expression for 
the condensed phase process Hart and McClure 5 began what would come to be 
known as the flame modeling (FM) approach. Technically, Hart and McClure’s 
model was a hybrid FM-ZN approach: FM in the condensed phase and ZN in the 
gas phase. This type of hybrid approach would prove to be popular and practical 
in later QSHOD modeling, as will be discussed further. One problem with Hart 
and McClure’s sample response calculations was an assumed pyrolysis activation 
energy, E c = 100 kcal/mol [E s — 50; see Eqs. (27) and (28)], that has since been 
recognized as being too large. At that point, quantitative comparison between ex- 
periment and theory was not possible, as the authors acknowledged; nevertheless, 
important theoretical groundwork was laid. 

In 1961 Denison and Baum published another pioneering paper in QSHOD the- 
ory development. 6 They took the next step in implementation of the FM approach 
by including a simple gas phase chemical kinetic expression from laminar gas 
flame theory based on high-activation energy (flame sheet approximation). For the 
condensed phase they assumed an unsteady Arrhenius pyrolysis relation of the form 

m = A s P n *exp[-(E s /RT s )] (5) 

with A, constant and the pressure term absent, that is, n s = 0. Another significant 
part of their analysis was calculation of intrinsic, linear stability boundaries. 

A few years later Novozhilov published the Soviet phenomenological ver- 
sion of QSHOD theory, now known as ZN theory, with Zel’dovich’s constant- T s 
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assumption relaxed. 7 Thus, a situation was developing where Russian and U.S. re- 
searchers were apparently independently pursuing analyses of the same problem 
with a common set of underlying assumptions, that is, QSHOD, but by different 
approaches, ZN and FM, respectively. In these early years, though, the theoretical 
equivalence of the two approaches was not recognized; at least citations of western 
FM literature seem conspicuously absent in the Russian papers of the time and 
vice versa with regard to ZN citations in western papers. For one thing, the FM ap- 
proach was not even recognized as such yet; rather, a variety of FM models were 
being developed, all of which looked different due to varying chemical kinetic 
assumptions and different dependent and independent variables. 

One significant example of the FM models appearing in the 1960s, is a 
paper by Hart et al. 8 in 1966. They proposed a pressure dependence in the sur- 
face pyrolysis relation, that is, specifically, n s = 1 in Eq. (5) (based on auto- 
catalysis kinetics arguments), in an attempt to obtain better agreement with 
T-bumer response measurements 9 for a double-base propellant, JPN. (They 8 also 
included a relatively unimportant term T~ o s in the pre-exponential factor.) This 
theoretical modification succeeded in increasing the magnitude of the response 
as the experimental data apparently required. However, ironically, those exper- 
imental response data would subsequently be adjusted to lower values as the 
method of data reduction and experimental conditions used in T-bumer testing 
were refined. 10 

The next significant contribution on the FM side of QSHOD analysis came in 
1968 when Culick 11 showed that the various FM models could be expressed in 
a common form, which has been referred to as the AB model [see Eq. (25)]. His 
paper went a long way toward unifying the various FM models into what is now 
called the FM approach. 

The most recent significant development in QSHOD theory has been recognition 
of the mathematical equivalence of the FM and ZN approaches. This recognition 
appears to have come incrementally with contributions being made by various 
researchers. 1_3, 12-18 The ZN-FM equivalence is noted here as mathematical be- 
cause of the practical or implementational difference that still remains wherein ZN 
emphasizes more the use of experimental data, whereas FM emphasizes modeling 
parameters and assumptions as discussed further subsequently. 

In the remainder of this chapter, theoretical QSHOD response formulation is 
reviewed in more detail. Experimental linear response results are also discussed, 
particularly those that have contributed to mechanistic understanding by compar- 
ison with theory, for example NC/NG and HMX. Finally, a few example studies 
and issues related to non-QSHOD response are reviewed. 


III. Nonlinear QSHOD Response (ZN) 

Next, QSHOD theory is reviewed at the most basic level, without any assump- 
tions about chemical kinetics in either the condensed phase decomposition zone 
or the gas phase reaction zone. This approach is more like ZN than FM in avoiding 
assumptions about chemical kinetics and allows the equivalence between the ZN 
and FM to be seen better because the multiplicity of solutions obtained via FM 
is avoided. In that sense, this treatment is in the same spirit as Culick’s 11 stan- 
dard AB form; however, here even the condensed phase decomposition kinetics 
assumption, for example, Eq. (5), is withheld. Details of the derivation can be 
found in Refs. 16 and 17. The fundamental equation for the QSHOD response is 
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the unsteady energy equation in the condensed phase that includes the inert solid 
propellant (—00 < x < 0) and the thin (possibly liquid) decomposition layer on the 
propellant surface Qt — 0), 


dT 

dx 


0-,f 


dT dT d 2 T 

p c C — — h mC — — = k c —r + f r q r K a exp(K a x) 

8 1 dx dx 1 

m(t) = p c r b {t) 

T(-oo,t) - To 

T( 0, t) = T,(t) 

1 8T 

= MO - — [(1 - fr)q r +q c + mQ c ] q c = kg — 
k c dx 


( 6 ) 

(6a) 

(6b) 

(6c) 

(6d) 


0 +,t 


The solution of the unsteady heat equation is a relatively straightforward mat- 
ter even when, in addition to solid temperature T(x, t), the burning mass flux 
m{t) is an unknown value to be solved for. What complicates the solution is the 
question of how to specify the conductive heat feedback to the surface from the 
gas phase. One approach is to solve gas phase quasi-steady differential equa- 
tions, based on some sort of kinetics assumptions (usually single step), as in 
the FM approach. The ZN method provides a convenient alternative for repre- 
senting the conductive heat feedback from the quasi-steady gas phase as op- 
posed to solving the quasi-steady gas equations. The method consists of using 
the steady burning laws and integral energy equations to transform the steady 
burning laws to a form that is valid for unsteady burning. The steady burning laws 
(overbar represents time-independent or time-mean conditions) can be represented 
functionally as 


m - m(T 0 , P, q,) 
T s = f s (T 0 , P , q r ) 


(7) 

( 8 ) 


The ZN method assumes as dependent variables m and T s and as independent 
variables To and P, as a laboratory measurement would suggest. Other dependent- 
independent variable choices are possible. 19 [The traditional FM approach uses 
m(? s , P) and 7) (7o, P)]. Another combination that has been used is m{T s , P) and 
fs(T s , P) [see Eqs. (9-11)]. The functionalities indicated in Eqs. (7) and (8) can 
be in the form of analytic or numerical flame modeling equations (FM approach) 
or empirical data (ZN approach). Using the steady integral energy equation 

fs = (h/a c )(T s - To) - ( fArlK ) (9) 

the steady burning laws can be transformed to eliminate To in favor of f s , 

m=m(f s ,P,q r ) (10) 

T, = T g tfs,P,q r ) (11) 

These functional relationships have been shown to be valid on a time-dependent 
basis (see Refs. 16 and 20 for formulation without radiation and Ref. 17 for for- 
mulation with radiation) under the quasi-steady assumption, giving 


m = m(f s , P,q r ) 
Ts = T s (f s , P , q r ) 


( 12 ) 

(13) 
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Using the time-dependent integral energy equation for surface reaction 



an apparent initial temperature To a can be defined to include the unsteady energy 
accumulation in the condensed phase region 



1 3 

Toa = T 0 — T dx 

rb at J- oo 

(15) 

and 



dT 

dx 

= fs(t) = ~(T S - Toa) - 4^-- [use in place of Eq. (6d)] 
o~,r a c k c 

(16) 

and the unsteady burning laws can be written as 



m = m(Toa, P, q r ) 

(17) 


T s = T s (Toa, P, q r ) 

(18) 


The apparent initial temperature T 0a has replaced the actual initial temperature To 
in the steady-state burning laws. These relations are obtained either from a steady 
model (FM) or steady-state r h and T s measurements (ZN). In the case of FM, the 
solutions generally appear with the two dependent variables m and T s combined 
algebraically, 

F c {m, T s ;To a , P, q r ) = 0, F c (m, f s ; T 0 , P, q r ) = 0 (19) 

F g (m, T s \ T 0a , P, q r ) = 0, F g (m, T S ;T 0 , P, q r ) = 0 (20) 

with one relation, F c , coming from analysis of the condensed phase reaction zone 
and the other, F g , from the gas phase reaction zone. When combined with the un- 
steady differential energy equation, these relations allow solution of the unsteady 
temperature field in the condensed phase T(x,t ) and the unsteady burning rate 
m(t) for a prescribed unsteady P(t) or q r (t). This solution can be numerical, in 
which case nonlinear behavior can be simulated, or, in the case of small amplitude 
linear behavior, analytic representation is possible. The linear analytic solution 
is more commonly reported; nonlinear simulations have not been reported much 
outside of the Russian literature. To summarize, the nonlinear problem consists of 
solving Eqs. (6) and (16), and (17-18) or (19-20). 


IV. Linearized QSHOD Response Function (ZN) 

In the linear approximation an analytical solution of the QSHOD problem can 
be obtained. Linearization means that the amplitude of the disturbance ( P or q r ) 
is small enough that nonlinear terms are negligible. The consequence of this con- 
dition is that the output is linearly proportional to the input. Consider the case 
of oscillatory burning and, more specifically, the burning response to a harmonic 
input. The input is a sine wave with circular frequency co (= 2 nf) and amplitude 
A p or A q r , 

P(t) — P + Re{P'(f)} — P + Re{AP expO'cut)} (21a) 

q r (t) =q r + Re{<?'(0} = q r + Re{Atf r exp (iwt)) (21b) 
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For a linear response, the corresponding mass flux response and temperature field 
will also be harmonic at the same frequency 

m(t) — in + Re{m'(r)} — m + Re{Am exp[t'(cof + 0)]} (22) 


T(x , t)—T(x) + Re{T'(*, f)} — T(x) + Re{Ar(x)exp[i(a>f + <p(x))]} (23) 

where Am is the amplitude of the mass flux response output and <p is the phase 
between the output and input (lead <j>> 0 and lag 4> < 0). In the linear approxima- 
tion, Am m and AT <$C T such that nonlinear terms such as m'dT'/dx are 
negligible. This allows analytic solutions of Eq. (6) to be obtained. 

The steady-state solution is 


.‘ ” ( w)] exp (I) + ( w) ap,K ° x) ■ 

P = K a x c , x c = °^ (24) 

rb 

where J = q r /mC(T s — To) represents the fraction of energy required to raise the 
propellant temperature from T 0 to T s that is provided by the radiant flux. Typically 
most of this required energy is supplied by conductive heat feedback from the 
gas phase and condensed phase heat release giving J < 0. 1 . Thus, the temperature 
profile is usually dominated by the first term on the right-hand side, the convective- 
diffusive term. This equation defines an exponential temperature profile in the inert 
preheat zone that has a characteristic length scale, x c . 

The oscillatory solution, as in the nonlinear case, relies on the steady-state mass 
flux and surface temperature laws [Eqs. (7) and (8)] and the integral energy equation 
[Eq. (9)]. The solution is best obtained using Jacobian transformations. 1617 The 
important practical result is that in the linear case the steady-state information 
appears as sensitivity parameters, that is, the partial derivatives of Eqs. (7) and (8): 
k, r, v, S, v q , and S q (see Nomenclature). The oscillatory solutions for pressure- 
perturbed burning (constant radiant flux) and radiation-perturbed burning (constant 
pressure) 17 are 


T(x) - To 
T s — Tq 


v + S(X - 1) 

Xr + k/X - ( r +k)+ 1 - 

nAB +n s (X — 1) 

A + AA _ (1 + A) + Afi _M^J 




v q + &q (X ~ 1 ) — 


kfrJA-l) 


Xr + k/X-(r +*)+!- ^H) 


Vq AB+n q (X-\)-^E^ 

X + A/X-(l+A) + AB-%$E$ 


(25a) 


(25b) 


Equations (25a) and (25b) assume f r (the surface reaction layer transmissivity) 
is a constant parameter. (A recent analysis relaxes this assumption. 21 ) The latter 
form (A, B,n,n s ) was derived under the FM formalism developed in the United 
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States and Europe, 6,11 whereas the former ( k , r, v, 8) was derived under the ZN 


approach in Russia. 21 The two forms are equivalent mathematically. The relations 
between the FM and ZN parameters are 1718 : 

A = k/r (26a) 

B = \/k (26b) 

n = v (26c) 

n s = 8/r, n q = 8 q /r (26d) 


The ZN definitions are more natural in the sense of being cast as derivatives of 
the natural dependent variables ( r b and T s ) with respect to changes in the natural 
independent variables (To, P, and q r ) with the other independent variables held 
constant, the way a measurement would be conducted. 

At this point still no assumption about condensed phase pyrolysis kinetics has 
been made, although the A parameter is often designated in western literature 
as A — ( E S /RT S )(\ — Tq/T s ), which depends on Eq. (5) or something similar. 
However, it is less restrictive to think of A and all of the sensitivity parameters in 
terms of their mathematical (partial derivative) definitions without introducing a 
dependence on Eq. (5). In principle, the steady-state sensitivity parameters can be 
determined completely experimentally if sufficiently extensive and accurate mea- 
surements of regression rate and surface temperature are made under steady-state 
conditions. This would allow at least numerical specification of the functions repre- 
sented by Eqs .(10) and (11) and from there the sensitivity parameters, k,r, v , 8, v q , 
and 8 q or A, B, n, n s , v q , and n q . However, in practice accurate measurement of T s 
is much more difficult than r b . In fact, as will be discussed further, in connection 
with NC/NG propellants, sufficiently accurate measurement of T s to supply the 
parameters r, /z, and n q (or r, 8, and 8 q ) is simply not possible. Therefore, it be- 
comes expedient to consider flame models, at least for the surface pyrolysis zone, 
to replace the need for reliance on empirical data for r, 8, and 8 q (ZN) or A, n s , 
and n q (FM). 


V. Condensed Phase Kinetics (FM) 

One of the simplest reported kinetic schemes that meets the QSHOD requirement 
of surface pyrolysis and includes formal consideration of the species equation is a 
zero-order, single-step, unimolecular decomposition step with large activation en- 
ergy E c ( E C /RT » 1) and frequency factor A c . This initial, endothermic, rate- 
limiting step is presumed to be followed by rapid exothermic reactions such that 
the net converted chemical to sensible enthalpy per unit mass in the condensed 
phase, Q c , is possibly exothermic (Q c >0). The solution for this scheme was 
first obtained by Merzhanov and Dubovitskii in 1959 and applied to energetic 
materials. 22 In 1970 it was obtained using activation energy asymptotics (AEA) 
by Lengelle 23 and was applied to endothermic polymer degradation. The following 
form, which includes radiation, appeared in 1975, is by Ibiricu and William, 24 and 
was also applied to energetic materials: 

2 _ A c a c p 2 c CRT '} exp[-(£ c //gf,)] 

~ E c [C(T s - To) - (Q c / 2) - (f r q r /m 

x c 

(Ec/ 2RT s ) 


fr = exp(-£ a x*), 


(27) 
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A commonly used approximation of Eq. (27) is 

m=A s exp [-(E s /Rf s )l E s ^ E c /2 (28) 

These equations are commonly called pyrolysis relations, in reference to the 
thermal (as opposed to a possibly radical chemistry or photonic) nature of the 
initiating step(s) in the condensed phase decomposition process. It can be seen that 
although Eq. (28) with constant coefficient A s preserves the important Arrhenius 
exponential temperature dependent term, it ignores the effect of initial temperature, 
condensed phase heat release, and thermal radiation parameters present in the 
more comprehensive zero-order pyrolysis relation. These terms (To, Q c , and q r ) 
make a significant difference when it comes to sensitivity parameter and unsteady 
combustion considerations [see Eqs. (31-36)]. 

A popular modification 8 ' u ' 19,25 of Eq. (28) includes an extra pressure-dependent 
term: 

m = A s P n 'c\p[-(E s /Rf s )] (29) 

Inclusion of the term P n ’ in Eq. (29) can be viewed as a means of compensating 
for the nonconstant, pre-exponential terms in Eq. (27) that are omitted in Eq. (28). 

Note that the factor of two that relates the apparent surface activation energy 
E s to the actual bulk activation energy E c is E s = E c /2) Failure to recognize this 
factor hindered progress in some cases as attempts were begun to relate apparent 
activation energies, that is, E s values obtained from Arrhenius plots, to realistic 
activation energies ( E c values) corresponding to chemical bond energies, for ex- 
ample, the 40 kcal/mol CO-NO 2 bond energy in NC/NG. This can be seen in most 
early FM papers where it is apparent by the discussion that the difference between 
the two is not recognized. With the factor of two included, it is reasonable to ex- 
pect good agreement between apparent activation energies from Arrhenius plots 
and bond energies, provided the effective activation energy is determined by the 
energy of the initial bond scission. (Zenin questions this assumption for NC/NG 
under combustion conditions as discussed further subsequently. 6 ) 

Equation (27) is a particular form for the functionality F c indicated in Eq. (19). 
It is based on a particular flame model, zero-order, unimolecular, high-activation 
energy decomposition. It is written in steady-state form but can be put in unsteady 
form based on ZN theory [see Eq. (19)] by replacing T 0 with To a and dropping the 
overbars. 


A c a c p 2 CRT s 2 exp[— (E C /RT S )\ 
E c [C(T s - T 0a ) - (Q c /2) - (f r q r /m)] 


(unsteady) 


(30) 


Similarly, Eq. (28) would become Eq. (5). An obvious feature of Eq. (28) is that it is 
the same for both steady and unsteady conditions. There is no To term present. The 
sensitivity of the condensed phase decomposition process to initial temperature 
has been lost in the approximation of Eq. (28). Because of the important role of 
T 0a in representing unsteady heat accumulation in QSHOD theory [see Eqs. (14) 
and (15)], the absence of T 0 in Eq. (28) raises a question about the ability of that 
relation to accurately represent unsteady combustion. 


iLengelle, G., informal communication during AGARD visit to ONERA, 1994. 
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A primary motivation for introducing a condensed phase kinetics model is the 
difficulty of measuring sensitivity parameters associated with changes in T s , that is, 
r, n , and 8. Useful analytic relations for these difficult parameters can be obtained 
by differentiating the steady burning laws. Differentiating the general F c relation 
[Eq. (19)], with respect to Tq gives a relation r(k). Similarly, differentiating F c 
with respect to pressure gives relations fi(v) and <5(v, k). 


d[Eq. (19)] \ 

9r o ) P , q , 


=> r{k ) 


9[Eq.(19)]\ . , x e , ,, 

— — I =>M(v) or S(v,k) 

/ To,q r 

For zero-order decomposition (assuming constant Q c ), Eq. (27) gives the r(k) and 
5(v, k) relations as 18 


k 

[2 42 

L C(T S ■ 


- 1 

(1 - 7b/f f )( 

i + -M 

2 RT S ) 

(2 

\ C(T S - : 


1-1 


-Vq+kfrJ 

a-wn)(i + ^r)(2- s ^-2/,j)-i 


(31) 

(32) 

(33) 


For most conditions (when values of Q c , E c , and T s thought to be realistic are 
substituted), the right-hand side denominator in Eqs. (31-33) and the r parameter 
in Eq. (31) are usually positive. The pressure sensitivity parameter (or pressure 
exponent) v is also usually positive (except for plateau or mesa burning regions). 
Therefore, the Jacobian parameter <5 and die n 5 parameter are usually negative for 
zero-order decomposition, 


n, = - — 


kh ^ 

L C(T s -To)-f r J J 


< 0 (except plateau/mesa) 


(34) 


In constrast, differentiation of Eq. (28) leads to the result that the Jacobian 
parameters 8, 8 q , and n s are zero, 


(E s /RT s )[l - {Tq/T s )] r 2 RT S \ Tj 


(35) 


8 = 8 q = 0 


(36) 


A zero Jacobian parameter results whenever a unique functional relation exists 
between the two dependent variables, m(T s ); Eq. (28) is a special case of such a 
relation. To what degree such a relation might hold for any material is a matter of 
controversy. Russian investigators have conducted extensive thermocouple mea- 
surements, particularly with NC/NG propellant, and concluded that such a relation 
holds within the uncertainty of the measurement. 26,27 However, that uncertainty is 
large enough to allow deviations from zero Jacobian that are significant in terms 
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of response function prediction. This point is discussed further in connection with 
experimental NC/NG results. 

Differentiation of Eq. (29) is a bit more problematic. The n s parameter that ap- 
pears in Eq. (29) is not exactly the same as the ZN n s parameter (3 Lm /3 p)j. q , 
unless n s is constant. In general, none of the sensitivity parameters are constant 
except as an approximation over limited intervals of P, To, and q r . This ambiguity 
in n s definition has resulted in some confusion in the literature 28 that can be readily 
resolved by recognizing the difference between the ZN and FM definitions of n s . 
For further elaboration see Ref. 29. 

In summary, Eqs. (31-34) are useful for estimating the sensitivity parameters 
that are difficult to measure accurately (r, 8, and 8 q ) from those that are easier to 
measure ( k , v, and v q ) and from global parameters for which reasonable estimates 
can be made (E c and Q c ). In principle, complex kinetics can also be incorporated 
into the ZN formalism. Even with a complex kinetics mechanisms it should be 
possible to obtain mathematical relations (albeit numerical) analogous to Eqs. (30— 
34) and a functional relation that is the numerical equivalent of F c in Eq. (19). 


VI. Gas Phase Kinetics (FM ) 

For a more complete FM model and to remove the need for reliance on mea- 
sured data for k, v, and v q , gas phase kinetics models can be introduced. Gas 
phase kinetics calculations have progressed further than condensed phase kinet- 
ics; calculations with mechanisms involving dozens of species and hundreds of 
reactions are now done routinely. The motivation for complex kinetics is better 
accuracy than simple kinetics, i.e., predictions that more closely match experi- 
mental observations. Therefore, in principle, it is expected that numerical versions 
of Ff, [Eq. (20)] could be generated from complex kinetics calculations that pre- 
dict experimental response at least as well as if not better than that with simple 
kinetics. However, a recent workshop 30 on predicting sensitivity parameters and 
linear quasi-steady response functions for HMX and RDX showed that where reli- 
able response measurements were available, for example, HMX, complex kinetics 
predictions were still less accurate than those of single-step kinetics. Presumably 
this situation will change as models with complex chemistry improve. However, 
even then, as a price for higher accuracy and resolution, complex kinetics calcula- 
tions will always be more computationally costly than simple kinetics, and there 
will always be a need for simplified kinetics in large-scale, for example, motor 
environment, calculations. 

To illustrate the procedure for including gas phase kinetics, the example of a 
single-step, bimolecular reaction is presented with activation energy E g , prefactor 
B g , and chemical-to-sensible enthalpy per unit mass Q g . In the limit of a high- 
activation energy reaction the resulting relation for F g [Eq. (19)] is 


Tf 


in 2 


2k g B g W 2 CTfP 2 



T 0 + 


1 

C 


Qc + Q g + 


klr 


RT 


» 1 


(37) 


This relation is designated here as DBW in reference to its early use in QSHOD 
analysis by Denison and Baum 6 and Williams’s 31 subsequent theoretical defense 
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of its use. The low-activation energy limit gives 


m 


4 P 2 k g B g W 2 


CR 2 (2/{Q g /[C(T s -T 0 )~ Q c -q r /m] 


- 1 } + 1) 2 -1 


RT 


« 1 


(38) 


This limit has recently been proposed as giving closer agreement with burning 
rate and gas temperature observations for HMX and NC/NG than the high- £1^ 
limit. 32-34 Equations (37) and (38) play the role of the function F g denoted in 
Eq. (20) for the large and small gas activation energy limits, respectively. They can 
be differentiated and solved simultaneously with the results from F c [Eqs. (31- 
33) or (35)] to obtain analytic expressions for the sensitivity parameters. 34 This 
allows calculation of the linear QSHOD response using fundamental material 
properties, kinetic (E Cig ), thermochemical (Q c , g ), thermophysical (C, k C R , and 
K a ), and environmental parameters (To, P, and q r ). 


VII. Experimental and Theoretical Response for NC/NG 

In the 1960s, during the development of the T-bumer method for measuring 
pressure-coupled response at the U.S. Naval Weapons Center (NWC), China Lake, 
extensive testing was conducted on NC/NG propellants. 10 A family of medium en- 
ergy NC/NG propellants was tested both with and without catalyst and with two 
different energy contents (%NG). Comparison with these data was the basis for 
early development of FM-QSHOD models. Although improvements have been 
made in T-bumer testing methods and data reduction since then, NC/NG propel- 
lants apparently have not been revisited for extensive pressure-coupled response 
measurements. Thus, the original NWC data remain as perhaps the best avail- 
able for comparison for Rc{R p ], in spite of relatively large uncertainties in the 
data. 

Figure 1 shows a comparison of the NWC T-bumer data over a range of pres- 
sures (15-1 10 atm, excluding plateau pressures) and linear QSHOD model calcu- 
lations [Eq. (25)] for a variety of sensitivity parameter sets that have been proposed 
over the years. [The radiation term in Eq. (25) was not included until the 1990s 
(see Ref. 17) and so this comparison assumes 7=0.] A representative value of 
pressure exponent for nonplateau double-base burning, n = v = 0.7, was used for 
each model for uniformity. The experimental data (shaded region) are represented 
as a rather wide band (Re[/? p ] ~2 ± 1, 10 < ft < 50, 1000 < / < 5000 Hz) due 
to the variability that exists in those measurements. An early paper 9 reported re- 
sponse values as high as 3, whereas a later report reduced the earlier values by 
about a factor of two. 10 The main point is that, in spite of the need for updated 
measurements, the original data indicate that in the range 1000 < / < 5000 Hz the 
response is probably not less than 1 and not greater than 3. 

Table 1 lists linear QSHOD model parameters from various investigators who 
have made comparisons with the NWC NC/NG response data. Where a distinction 
was made in the original reference with respect to pressure, a nominal value of 
50 atm was selected for parameter selection; otherwise, no attempt is made here 
to distinguish with respect to pressure, as the experimental data do not exhibit 
obvious, general trends. Apparent inconsistencies that appear between the a p and 
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3.5 - 



Q 


Fig. 1 In-phase component of pressure-coupled response function for N C/NG propel- 
lant: shaded region T-bumer measurements, 910 and lines QSHOD theory from various 
investigators 818 ’ 34,36 ’ 38 ’ 39 using parameters in Table 1. Quasi-steady assumption should 
hold for O < 25 for E c = 40 kcal/mol (G < 10 for E c = 16 kcal/mol). 


k [— o p (T s — To)] values for different investigators in Table 1 are due to different 
assumptions for surface temperature. Zenin’s latest reported measurements suggest 
670 K at 50 atm (Ref. 26). (Hart et al. 8 assumed 750 K.) Still there are noticeable 
differences in the assumed o p (and, therefore, k and B) values. (For more discussion 
of temperature sensitivity in NC/NG propellants see Ref. 34.) These differences in 
o p are responsible for part of the response differences noted below. However, the 
assumed values for n s and E c also account for a significant part of the differences 
between response functions discussed subsequently. 

The Hart et al. 8 theoretical curve is one of the first published attempts to ap- 
ply FM-QSHOD theory to NC/NG T-bumer data. Initial attempts using Eq. (28) 
(n s = 0) gave a response that was generally too low over most of the frequency 
range measured (similar to Beckstead’s curve). In an attempt to increase the re- 
sponse at high frequency, the pressure-dependent term with n s = 1 was added to 


Table 1 Linear QSHOD modeling parameters for NWC NC/NG T-bumer 
pressure-coupled response measurements 10 (n = u= 0.7); see Fig. 1 


Reference 

Year 

k 

r 

S 

A 

B 

n s 

Ec, 

kcal 

r(k) 

Eq. 

Op, 

%/K 

Hart et al. 8 

1966 

1.69 

0.49 

0.49 

3.5 

0.59 

1.0 

19 

(39) 

0.38 

Butcher and 

1979, 1996 

1.49 

0.44 

0 

3.4 

0.67 

0 

16 

(35) 

0.40 

Beckstead 36 and 

Erikson 38 

Cohen 39 

1985 

1.0 

0.059 

0 

17 

1.0 

0 

80 

(35) 

0.29 

Brewster and 

1995 

1.0 

0.016 

-0.084 

62 

1.0 

-5.2 

40 

(31) 

0.28 

Son 18 

WSB 34 

1997 

1.07 

0.058 

-0.060 

18 

0.93 

-1.0 

40 

(31) 

0.29 





SOLID PROPELLANT COMBUSTION RESPONSE 


621 


the pyrolysis relation [Eq. (29)] justified by the argument of a heterogeneous sur- 
face reaction (autocatalysis). A pre-exponential factor of T~ os was also included 
in Eq. (29), making a slight modification in Eq. (35) as follows: 

A =k/r — [(E c /2Rf s ) - i][l - (T 0 /T s )] (39) 

By this change the high-frequency response increased but so did the low-frequ- 
ency response, to unrealistically high values. An additional possible theoretical 
problem is that the assumed condensed phase decomposition activation energy 
E s = 9.4 kcal/mol (E c = 19) is about a factor of two lower than the strength of the 
CO-NO 2 bond (40 kcal/mol), thermal homolysis of which is now widely believed 
to be the initiating step for NC/NG decomposition. 35 Zenin 26 argues that under 
combustion conditions, the rapid NO 2 recombination reactions that immediately 
follow the initial bond scission alter the effective E c value, reducing it by a factor 
of two to 21 kcal/mol. Lengelle et al., 35 however, presents a comprehensive re- 
view of evidence by several researchers, including ignition data, that supports the 
40 kcal/mol value. This point seems to require further investigation to explain the 
various, apparently contradictory, observations. 

In 1979 Butcher and Beckstead 36 made comparisons with the NWC data using 
Eq. (28) (n s = 0) and an activation energy E s — 8.1 kcal/mol (E c — 16), even lower 
than that of Hart et al. 8 This E c value is also arguably low as noted earlier. The 
predicted response falls below the measurements at rather low frequencies (ft ~ 5: 
/ ~ 1 300 Hz at 50 atm for propellant JPN, 77 , = 1.3 cm/s; / ~ 500 Hz at 50 atm for 
propellant N4, r* = 0.75 cm/s). It was suggested 36 that this discrepancy was due 
to breakdown of the quasi-steady assumption, which is expected to occur at some 
point as frequency increases. However, it now seems clear that the discrepancy in 
the prediction occurs at lower frequencies than where the quasi-steady approxima- 
tion should fail. At moderate (not extremely high) pressures, theoretical analysis 
suggests the quasi-steady assumption breaks down in the condensed phase decom- 
position layer before (at lower frequency than) it does in the gas phase. 13 The char- 
acteristic frequency of the condensed phase reaction layer from AEA theory is 24 

/« - f c {E c /2RT s ), f c = r 2 b /a c (40) 


Based on this scaling (with E c = 40 kcal/mol) and with support from laser-recoil 
measurements, 37 it has recently been suggested that a conservative estimate of the 
beginning of breakdown of the quasi-steady assumption is / ~ f R / 4. Thus, for 
E c — 40 kcal/mol, the quasi-steady assumption should be valid up to a nondimen- 
sional frequency of about 25, 


£2qsc = 


2n(f R /4) 

fc 


n E c 
2 2 RT S 


%25 


(41) 


(At 50 atm, f R / 4 is 6300 Hz for JPN and 2100 Hz forN4.) For E c = 16 kcal/mol, 
the quasi-steady assumption should be valid up to ftQsc w 10. The drop off in 
predicted response at ft ~ 5 in Beckstead’s 36 ' 38 data poses a theoretical problem 
for this set of parameters if the estimate / ~ f R /4 is accepted. Possibly, the low E c 
value does also, depending on the resolution of that question. In 1996 Beckstead 
and Erickson 38 reaffirmed this set of parameters for NC/NG. 

The next model comparison chronologically is Cohen’s 39 in 1 985 . Cohen thought 
Beckstead’s 36,38 E c value was too low and raised it to 80 kcal/mol (E s =40). By 
doing so Cohen was able to achieve a much smaller r parameter than the previous 
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cases. The A parameter is, thus, much larger than that of the previous cases (al- 
though use of a smaller k parameter helped reduce an otherwise bigger increase in 
A). Cohen’s reduction of the r parameter is the main reason his calculation fits the 
experimental data so well and suggests that possibly a smaller r value (cO.l)better 
represents the actual process. However, because of the use of Eqs. (28) and (35) 
(n s = 0) this reduction in the r parameter was associated with an unrealistically 
large E c . There is no theoretical support in the literature for a value as large as 
80 kcal/mol. Although Zenin’s argument for E c less than the CO-NO 2 bond energy 
(40 kcal/mol) based on ensuing (presumably lower activation energy) exothermic 
reactions is plausible, no analogous chemically based argument has appeared to 
support an apparent activation energy E c higher than the CO-NO 2 bond energy, 
particularly one so much higher. Nonetheless, Cohen 39 indicated that the activation 
energy and other parameters were “well-supported in the literature.” One possible 
explanation for this apparent contradiction is confusion between E s and E c , as 
noted in Eq. (28). An activation energy of 40 kcal/mol was indeed well supported 
in the literature at that time (see Table 1 in Ref. 35) but this should have been taken 
as E c (= 2E S ), not Still, Cohen’s parameters (A, B, n, and n s ) give a good fit 
of the NWC T-bumer data. In fact one might question whether the fit is too good, 
in light of the expectation that the quasi-steady assumption should begin to fail at 
£2 ~ 50 (for E c = 80 kcal/mol). 

In 1995 Brewster and Son 18 applied the more rigorous zero-order decomposi- 
tion analysis [Eq. (27)] within the linear QSHOD theory framework and found 
that it could fit the NWC data over the appropriate frequency range and do so 
with plausible values for all of the parameters, including E c . Instead of Eq. (35), 
Eq. (31) was used as the r(k) relationship. This requires an assumption for the con- 
densed phase heat release Q c and based on Zenin’s thermocouple measurements 27 
values near 100 cal/g, varying slightly with pressure, were assumed (later Q c was 
reduced; see subsequent discussion). Use of the zero-order decomposition rela- 
tion [Eq. (27)], also suggested the plausibility of a negative Jacobian parameter 
[Eq. (34)]. 18 The idea of negative Jacobian values was subsequently endorsed by 
De Luca. 40 Previously, negative Jacobians were generally thought to be physically 
unrealistic, for example, see equivalent Q\ parameter in Ref. 19, or at least only 
small positive n s values had been considered." Negative n s means that burning 
rate decreases as pressure increases at constant T s , not constant T 0 . In Eq. (29), 
negative n s means that as pressure increases at constant To, T s increases enough 
that the Arrhenius term exp (-E S /RT S ) increases faster than the pressure term 
P” 1 decreases such that burning rate still increases. Negative n s also partially ex- 
plains how linear instability [Re{R p ] > 1/y, see Eq. (4)] can happen even in mesa 
(v < 0) regions [see Eqs. (25a) and (34)]. In summary, zero-order decomposition, 
[Eq. (27)] resolves several problems in QSHOD theory and makes possible a bet- 
ter fit of the NWC T-bumer data with realistic parameters by allowing smaller r 
parameters and larger A parameters than had previously been thought possible. As 
with Cohen’s model, 39 though, it might be argued that this fit 18 is too good, in light 
of the expected decomposition layer non-quasi-steadiness (non-QSC) beginning 
at about 0 ~ 25. 

The four QSHOD models discussed are really hybrid FM-ZN models. As noted 
earlier, a hybrid FM-ZN approach is probably more practical than pure FM or 
ZN, and this seems to have been recognized early on 5 as witnessed by the model 
development. This hybrid FM-ZN approach is FM in the sense of using a pyrolysis 
or F c relation for the condensed phase to obtain r(k) and 5(v, k) relations [see 
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Eqs. (19), (27-29), (31-32), (35-36), and (39)] and ZN in the sense of relying 
heavily on empirical information for v and k. However, even from the time of 
Denison and Baum 6 there have been numerous attempts to construct complete FM 
models by including a gas phase flame description. Most investigators who have 
included a gas phase moder’ 39,4 1,42 have used a large activation energy, single-step 
model, equivalent to Eq. (37), usually with the pressure exponent reduced to about 
0.7 (by arbitrarily reducing the overall reaction order from 2.0 to 1 .4) because, 
for a bimolecular process, Eq. (37) gives n — 1 unless there is a strong component 
of radiative heat flux to the surface. [Note that Eq. (38) for low E g gives n < 1 
without adjustment.] 

Recently, Ward et al. 32,33 found that within the framework of single-step kinetics, 
the low-activation energy limit [Eq. (38)] matched steady-state HMX temperature 
profiles better than the large activation energy limit [Eq. (37)]. From this they 
inferred that the near-surface gas phase process had more the nature of a chain 
reaction mechanism than thermal decomposition. They also found that the com- 
bination of this gas phase model with zero-order decomposition (referred to here 
as the WSB model) matched steady burning rate data for HMX better than other 
simple (single-step) kinetics flame models. The WSB model was therefore applied 
to NC/NG propellant data. 

Figures 2 and 3 show a comparison of the WSB model 34 with the radia- 
tion response function (magnitude and phase) as measured by the laser-recoil 
method. 43 The model parameters for Figs. 2 and 3 are A = 17, B = 0.85, v q =0.29, 
n q = -0.04, J = 0.25, /f = 1 .7, f r — 0.9, a c = Se-4 cm 2 /s, and r h = 0.23 cm/s. 
The comparison is favorable, confirming the basic applicability of the WSB model 
to NC/NG as well as HMX. An effort was made to preserve the same parameters 
that had been used in comparing with the NC/NG T-bumer data. 18 Because the 
inclusion of a gas phase model imposes additional constraints, this was not entirely 
possible; nor is it necessarily desirable because the earlier parameters, like any, are 
subject to question. One notable change is that the condensed phase heat release Q c 



Fig. 2 Magnitude of radiation response function for catalyzed NC/NG propellant N5 
(1 atm, 40 W/cm 2 ); CO 2 laser-recoil measurements. 43 QSHOD theory with zero-order 
decomposition and E g /RT « 1 (WSB model 34 ). The quasi-steady assumption should 
hold for / < 250 Hz ( f R = 1000 Hz). 
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Fig. 3 Phase of radiation response function for catalyzed NC/NG propellant N5 
(1 atm, 40 W/cm 2 ); C0 2 laser-recoil measurements. 43 QSHOD theory with zero-order 
decomposition and E g IRT - 4 Z. I (WSB model 34 ). The quasi-steady assumption should 
hold for / < 250 Hz ( f R = 1000 Hz). 

was reduced from 100 to 40 cal/g. This may seem a small change, but the calculated 
response is quite sensitive to it. Figure 3 shows that the quasi-steady prediction of 
phase begins to deviate from the measurements at about 200 Hz. According to the 
conservative estimate discussed earlier, the QSC assumption should begin to fail 
at about f R /4 = 250 Hz. The measurements show that quasi-steady theory over- 
predicts the actual phase lag. The effect this has on the in-phase (real) component 
of the response (Re{/? 9 } = \R q \cos(t>) is that quasi-steady theory predicts Re{/? ? ) 
falls off faster with increasing frequency than it actually does, as shown in Fig. 4. 
(Note that the model parameters in Fig. 4 are the same as in Figs. 2 and 3.) With 
this trend in mind, we return to the pressure-response prediction. 



Fig. 4 Real part of radiation response function for catalyzed NC/NG propellant N5 
(1 atm, 40 W/cm 2 ); C0 2 laser-recoil measurements. 43 QSHOD theory with zero-order 
decomposition and E g /RT c 1 (WSB model 34 ). The quasi-steady assumption should 
hold for / < 250 Hz ( f R = 1000 Hz). 
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The pressure-coupled response based on the new fWSB) NC/NG parameters 34 
(Table 1) is shown in Fig. 1. This result shows good agreement with the T-bumer 
data for £2 < 25, but underpredicts in-phase response for ft > 25. This type of 
discrepancy is what one would expect if breakdown of the quasi-steady assumption 
had the same effect on pressure response as that observed in the radiation-response 
measurements (Figs. 2-4). To the degree this interpretation is correct, the newer 
parameters based on the WSB model (lower Q c ) may be more correct than the 
older ones even though the pressure response agreement looks worse (Fig. 1). 
On the other hand, the WSB parameters and the WSB model itself need further 
scrutiny. Overall, there is a need for further investigation of modeling assumptions, 
conditions of applicability, and accuracy. New response measurements of NC/NG 
would be helpful. 

Recently researchers at China Lake have been conducting T-bumer measure- 
ments 44 for homogeneous energetic materials (HMX, RDX, and AP) to obtain 
unsteady combustion data for comparison with the complex kinetics models that 
are being developed. Of these, the results for HMX have been the most reliable. (AP 
had problems with TCP impurity and RDX results have been scattered, perhaps 
due to melt layer effects. Attempts to interpret laser-recoil response data for RDX 
in terms of QSHOD theory at 1 atm (Ref. 37) led to the conclusion that at 1 atm the 
presence of a thick, bubbly melt layer on the surface invalidated the quasi-steady 
condensed phase reaction layer assumption.) 


VIII. Experimental and Theoretical Response for HMX 

T-bumer response measurements for HMX made at the end of 1997 44 provided a 
unique opportunity to test unsteady combustion models, including linear QSHOD 
theory. The opportunity was unique because no response function data for HMX 
had been reported previously that might influence predictions; at the same time 
several advancements were being reported in HMX combustion modeling, some 
with complex gas phase kinetics 43-47 and some with simple kinetics. 32,33,38 - 48-50 A 
workshop 30 was organized to take advantage of this situation. One of the workshop 
objectives was to make blind calculations of the linear pressure-coupled response 
for HMX and RDX at the same pressures that were planned for T-bumer tests and 
then make comparisons after the measurements were conducted. The WSB model, 
which had shown promise in describing steady-state burning rate and temperature 
profile data, was tested for its ability to predict pressure-coupled response. 

The strategy used to develop the quasi-steady WSB pressure response 
prediction was first to compare with measured radiation response at 1 atm, 
determine model parameters that worked well at 1 atm, and then make any pa- 
rameter adjustments for higher pressure that seemed warranted based on what was 
known about HMX flame structure. The first HMX laser-recoil response data that 
were available for comparison were from the U.S. Naval Air Warfare Center 51 and 
Pennsylvania State University. 52 Those data (which did not quite agree between 
the two sources) were used for comparison until in-house measurements at the 
University of Illinois,Urbana-Champaign, were available. 53 The comparison with 
laser-recoil radiation response 50,53 is shown in Fig. 5. The calculated condensed 
layer characteristic frequency is / R = 130 Hz; therefore, the observed deviation in 
phase at about 40 Hz is expected as noted earlier. The magnitude is underpredicted, 
but there was uncertainty about how closely the measurements actually approached 
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Fig. 5 Radiation response function for HMX (1 atm, 35 W/cm 2 ); CO 2 laser-recoil 
measurements. 53 QSHOD theory with zero-order decomposition and E g /RT <%. 1 (WSB 
model 50 ). The quasi-steady assumption should hold for / <32 Hz (/* = 130 Hz). 


the linear limit. The effect of nonlinear response on magnitude is generally to 
lower the response near the peak. Therefore, the slight mismatch in measured and 
calculated response magnitude is explainable in terms of uncertainty over the de- 
gree of linearity of the measured response. In such a situation, erring on the high 
side with the response magnitude prediction is better than erring on the low side. 
The model parameters are A = 18, B =0.85, v q =0.52, n q = —0.54, J =0.48, 
fi = 57, f r = 0.03, a c — 8<?-4 cm 2 /s, and r* = 0.08 cm/s. 

To extend the WSB response prediction from radiation response at 1 atm to 
pressure response at 10 atm and higher, a few flame parameter adjustments were 
warranted. HMX has a two-stage flame structure that is not readily apparent, that 
is, noticeable in the temperature profile, at pressures above a few atmospheres 
(the two-stages merge together) but is apparent at 1 atm with laser augmentation. 
At 1 atm with sufficient external radiant flux, the second-stage flame is delayed 
or does not form. Accordingly, the gas phase heat release parameter Q g in the 
WSB model (which assumes only a single-step gas reaction) was increased from 
250 to 758 cal/g at higher pressures to account for this observed change in flame 
structure. The condensed phase heat release was increased slightly, from 40 to 
60 cal/g (Zenin’s thermocouple measurements have suggested an increase in Q c 
with pressure 54 ), and the gas phase prefactor was adjusted to match steady burning 
rate. The pressure response prediction was made based on these adjustments. 30 ' 5 ' 5 
T-bumer measurements were made later that year. 44 The comparisons 30 are shown 
in Fig. 6 for two pressures (nominally 10 and 70 atm). The quasi-steady assumption 
should hold for / < 225 Hz at 10 atm (J'r — 900 Hz) and / < 5500 Hz at 70 atm 
(/« = 22,000 Hz). For the low-pressure (14-atm) T-bumer data, only the lowest 
frequency data are within the expected quasi-steady frequency region. The higher 
frequency data points fall outside the quasi- steady region and, as expected, are 
underpredicted in magnitude by the QSHOD model, according to the same trend 
exhibited in Fig. 4 for NC/NG. For the high-pressure (68-atm) T-bumer data, all 
of the measurements fall within the expected quasi-steady frequency range. The 
model fit is good, perhaps too good, that is fortuitous, but encouraging nonethe- 
less. The highest frequency points appear to be slightly underpredicted. The same 
comment made in connection with Fig. 5 may be in order here: The tendency with 
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WSB (10 atm) • T-burner (14 atm) 

WSB (70 atm) ■ T-burner (68 atm) 



Fig. 6 In-phase component of pressure-coupled response function for HMX. Data 
points represent T-bumer measurements 44 : lines are QSHOD theory with zero-order 
decomposition and E g IRT <g 1 (WSB model 30,50 ), predicted before measurements. The 
quasi-steady assumption should hold for / <225 Hz at 10 atm (/»=900 Hz) and 
/ < 5500 Hz at 70 atm ( f K = 22,000 Hz). 

linear response measurements, if anything, is to underrepresent the magnitude of 
the response peak due to nonlinear behavior. 

The HMX pressure response data are replotted in Fig. 7 vs nondimensional 
frequency. To convert dimensional frequency/ to nondimensional frequency 12, a 
thermal diffusivity value of 8e -4 cm 2 /s was used. (Recent measurements of HMX 
by Parr and Hanson-Parr 55 indicate a value of 2.5e-3 cm 2 /s at room temperature, 
decreasing to 1.5e— 3 at 170°C. The surface temperature is 400-450°C so that 
the average temperature in the unsteady solid heated layer is about 250°C.) The 
only other reported predictions of HMX pressure response made before the 1997 
T-bumer measurements [Beckstead and Erickson 38 (BE)] are also shown in Fig. 7. 


WSB (10 atm) 



Fig. 7 In-phase component of pressure-coupled response function for HMX. Data 
points represent T-bumer measurements 44 : lines are QSHOD theory predictions made 

before measurements. , WSB model 30,50 and , BE. 38 Parameters are listed in 

Table 2; quasi-steady assumption should hold for fl < 25. 
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Table 2 Linear QSHOD modeling parameters for NAWC HMX T-bumer 
pressure-coupled response measurements 44 (n = v = 0.8); see Figs. 6 and 7 


Method 

P, atm 

k 

r 

S 

A 

B 

n s 

E c , 

kcal 

r(k) 

Eq. 

Op, 

%/K 

BE 1996 38 

10-70 

0 . 5 - 2.5 

0.05-0.27 

0 

93-9.5 

0.4-2.0 

0 

37“ 

(35) 

0.35-0.11 


10 

1.6 

0.17 

0 

9.4 

0.63 

0 


— 

— 


16 

1.3 

0.13 

0 

9.4 

0.79 

0 

— 


— 


70 

0.5 

0.05 

0 

9.4 

2.0 

0 



— 

WSB 

10 

1.07 

0.05 

-0.061 

21 

0.93 

-1.2 

42 

(31) 

0.26 

199730,50 

70 

0.99 

0.046 

-0.065 

21 

1.0 

-1.4 

42 

(31) 

0.20 


“This value of E c is not compatible with the listed values of A (~9.4) for f s of order 700 K, according 
to Eq. (35) (which relation seems implied by the use of n s = 0); E c ~ 46 kcal/mol would be compatible. 


The linear response parameters used for both WSB and BE are listed in Table 2. 
The BE parameters are based on a hybrid FM-ZN prediction with Eqs. (28) and 
(35) used for the pyrolysis reaction (n s = 0) and estimates for v and k based on mea- 
surements. The predicted BE pressure variation in Fig. 7 is too strong, with peak 
response overpredicted at low pressure and underpredicted at high pressure. It is 
important to note that the predictions of Fig. 7 were made before the response mea- 
surements had been conducted. Obviously expectations for agreement cannot be 
as high when making blind predictions as when the desired result is known before- 
hand. Nevertheless the exercise of blind prediction is useful. One conclusion that 
can be drawn from this exercise is that even when experimental data are relied on 
for temperature sensitivity there is enough uncertainty and possibly even system- 
atic error present to significantly affect the predicted response. A gas phase flame 
model can be a useful tool in conjunction with sensitivity parameter measurements 
for predicting unsteady response if the model reflects flame behavior sufficiently 
well. Another conclusion that carries over from the NC/NG comparsions is that 
Eqs. (28) and (35) ( n s =0) are not as representative of the process as Eqs. (27) 
and (31) (n s ^ 0) and not as useful for quantitative linear response prediction. 

Predictions relevant to the quasi-steady response of HMX were also made based 
on detailed chemical kinetics models in connection with the workshop mentioned 
earlier. 30 The results showed that response predictions based on sensitivity pa- 
rameters from detailed chemistry models underpredicted measurements by about 
a factor of two over the expected QSHOD frequency range. This was primarily 
because the predicted temperature sensitivity parameters were outside the range 
of measured values. Ultimately one would expect detailed chemistry models to 
be able to predict flame speed or burning velocity (including sensitivity to envi- 
ronmental parameters) at least as accurately as reduced or simplified chemistry 
models do, as has been demonstrated in the hydrocarbon combustion literature 
(for example, see Ref. 56). In fact, recent revised calculations 57 show improve- 
ment in calculated pressure response for HMX (although radiation response is off). 
Development of a new complex chemical mechanism is a formidable challenge. 
It would seem that the challenge of detailed combustion chemistry modeling for 
HMX and RDX cannot yet be considered a solved problem. 

As for simplified FM-ZN QSHOD response modeling, the results of the WSB 
model are encouraging. The agreement in Fig. 7 may be partially fortuitous. 
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However, it seems clear that quasi-steady response modeling is a useful endeavor 
for investigating and validating combustion mechanisms and modeling assump- 
tions for homogeneous solid energetic materials and propellants. 


IX. Non-QSHOD Response 

Progress in understanding propellant combustion response under non-QSHOD 
conditions lags behind that for QSHOD conditions considerably. Nevertheless, a 
few efforts have been made and some progress can be reported. 


A. Homogeneous, Non-Quasi-Steady Response 

As perturbation frequency increases, it is expected that the assumptions of QSC 
zone and QSG zone will break down. What seems not to be generally recog- 
nized is that for most propellants at pressures of interest quasi steadiness will 
probably break down in the condensed phase reaction zone before it does in the 
gas phase. 13 (The possibility of condensed phase reaction zone unsteadiness was 
considered in the early analysis of Ref. 5 and neglected because the assumed 
E c = 100 kcal/mol value was too high. Ironically, most later analyses that reduced 
E c to more realistic values did not revisit the QSC assumption.) The frequency for 
QSC breakdown has been estimated 37 as already noted: / ~ f R / 4. This results in 
a simple relation between nondimensional decomposition activation energy and 
nondimensional frequency for quasi-steady behavior [Eq. (41)]. For typical E c and 
T s values (40 kcal/mol, 700 K) this corresponds to a nondimensional frequency of 
about 25. 

The effect of breakdown of the QSC reaction zone assumption has been in- 
vestigated for limited conditions (radiation-driven burning). 58 The primary effects 
were to reduce the magnitude of the quasi-steady response near the peak and in- 
crease the phase in the high-frequency (phase lag) region. Comparisons between 
QSHOD modeling and radiation response measurements have manifested the lat- 
ter behavior (reduced phase lag at higher frequencies) in NC/NG and HMX as 
already noted. One of the conclusions 58 was that the criterion (in terms of activa- 
tion energy) for achieving a certain degree of accuracy in predicting burning rate 
via AEA, that is, Eqs. (27) and (30), is more stringent for unsteady conditions than 
steady. 

Non-quasi-steady gas calculations have been reported by Tien 59 and Clavin and 
Lazimi. 25 Both papers assumed a large activation energy single-step gas flame. 
Tien’s method 59 was numerical and Clavin and Lazimi’s 25 analytical (AEA). In 
both cases, gas phase unsteadiness was shown to give a secondary, high-frequency 
response (above the low-frequency solid thermal relaxation or QSHOD response). 
Also gas phase unsteadiness was shown to affect the low-frequency response more 
as the ratio of solid-to-gas density decreased, that is, for increasing pressure. Be- 
yond these similarities, Clavin and Lazimi’s paper offers a comparison of their 
results with Tien’s. 59 In his Fig. 3, Tien claims that for his low-pressure (high 
Ps/p g ) case, the low-frequency [quasi-steady (QS)] region of the curve “agrees 
quite closely with the results of Denison and Baum,” which is the quasi-steady case, 
(although the QS curve is not shown). Such agreement would be expected at high 
ps/pg, when the two response peaks (the low-frequency solid phase peak and the 
high-frequency gas phase peak) are widely separated in frequency and relatively 
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independent. Clavin and Lazimi’s 25 Fig. 9 includes the QS curve and shows that 
Tien’s curve 59 is actually not close, whereas their own AEA result, 25 for the same 
parameters, is close at low frequencies. Clavin and Lazimi question such a large 
discrepancy between the asymptotic results (both QS and non-QS) and Tien’s nu- 
merical curve, 56 implying that the assumed nondimensional gas activation energy 
E g / RTf = 10 should be large enough to expect good agreement with the AEA ana- 
lytic results, which are based on only the leading term in the asymptotic expansion. 
This discrepancy appears to be unresolved and needs further explanation. Perhaps 
one possible explanation is the idea noted earlier in connection with investigation 
of non-QSC effects, 58 extended to the QSG assumption. The idea is that the cri- 
terion (in terms of activation energy) for achieving a certain degree of accuracy 
in predicting burning rate via AEA is more stringent for unsteady conditions than 
steady. Also note that in both of these papers, 25,58 although the QSG assumption 
was relaxed, the QSC assumption was retained. However, other than at extremely 
high pressures, it is expected that the QSC assumption will break down first, that 
is, at lower frequency, before the QSG assumption. Therefore if non-QSG effects 
are to be investigated, non-QSC effects should probably be included. 

One other non-QSG analysis that should be noted is that of Hart and McClure. 5 
Hart and McClure’s development is semiphenomenological, similar to the ZN 
method, and makes use of ZN-like variable transformations and assumptions. In 
particular they treat surface temperature gradient f s like an independent vari- 
able and assume unsteady mass flux to be a function of f s . No particular gas 
flame model, for example single-step, high-activation energy, is assumed. Rather, 
steady-state burning information (pressure and temperature sensitivity) is used. 
This achieves the unique result of a non-QSG model that does not rely on a 
particular assumed gas flame model. The analysis is, however, quite compli- 
cated mathematically and difficult to compare with the conventional QSHOD 
model. As noted in the Introduction (and also by Culick 11 ) one problem with 
Hart and McClure’s calculations 5 was an assumed pyrolysis activation energy 
E c = 100 kcal/mol (E s = 50) that has since been recognized as being too large. A 
value of E c — 40 kcal/mol (E s = 20) might have led to different conclusions, in 
particular the need to relax the QSC assumption before QSG. It also might have 
resulted in better agreement with double-base propellant T-burner response data. 
A thorough re-examination of the original Hart and McClure approach in light 
of recent developments such as negative Jacobians and zero-order decomposition 
seems in order. (Ironically, Hart and McClure initially considered zero-order de- 
composition in doing timescale estimates but did not carry the full expression 
throughout their analysis.) 

It is useful to have a criterion for estimating the QSG breakdown, similar to 
the QSC criterion Qqsc ~ 10-30. Following the pattern of Eq. (41) the following 
estimate can be made: 


£2qsg 


2*(/g/ 4) ^ jfj, _ g t/Xg 

fc fc h/x c 


Pc Xc ^ Pc 

Pg pg 


(42) 


The bar over the gas velocity and density terms signifies not only a temporal 
average but also a spatial average over the gas zone between the surface, T s , and 
the burned gas, T / region. The dominant term is the solid-to-gas density ratio, 
which can vary from 1000 at low pressures to 10 at high pressures. The ratio 
xjxg is of order one and is relatively independent of pressure because both x c 
and x g decrease with increasing pressure at about the same rate (at least relative 
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to the strongly pressure-dependent gas density term). The two limiting single- 
step models, Eqs. (37) (DBW, E g /RT » 1) and (38) (WSB, EJRT «; 1) provide 
useful estimates for x c /x g , as well as an interesting contrast. For 10-70 atm, the 
estimates for x c /x g for DBW are 1 to 2 and for WSB, A to A (Ref. 50). Note 
that the DBW model predicts QSG breakdown at a frequency that is a factor of 
four higher than the WSB model. Nevertheless, the QSG breakdown frequency at 
moderate pressures (for example, density ratio of 100), is significantly higher than 
the QSC breakdown frequency. Normally, QSC breakdown should be expected to 
occur before, that is at lower frequency, than QSG breakdown. In attempting to 
relax the QS assumptions in theoretical analysis if the QSG assumption is relaxed 
but not QSC, the tacit QSC assumption should at least be acknowledged. 

An interesting comparison of non-QSC/non-QSG response with non-QSC/QSG 
was made 57 for HMX and RDX. The reported frequencies of breakdown of the 
QSG assumption agree with the predictions of Eq. (42) to within an order of 
magnitude and have the same trend with pressure. However, the case of QSC/QSG 
was not computed numerically. It should be possible to force the QSC condition 
on the numerical model. The QSC/QSG results should then correspond almost 
exactly to the ZN-QSHOD results (see Figs. 3 and 4 of Ref. 58) and would be a 
convincing demonstration of numerical validation of this complex kinetics code. 


B. Nonhomogeneous, Quasi-Steady Response 

Composite propellants, for example AP/binder, generally have a significant de- 
gree of heterogeneity that affects their combustion. Thus, it is questionable as to 
what degree QSHOD theory will accurately describe their unsteady response. At- 
tempts have been made to interpret composite propellant pressure response in terms 
of QSHOD theory 19 but the results have not demonstrated the kind of agreement 
that has been achieved for homogeneous materials. Efforts have also been made us- 
ing heterogeneous propellant features, for example, multiple QSHOD responses 60 
and heterogeneous flame ideas 61 to model composite propellant response. How- 
ever, quantitative prediction of observed response behavior has not been reported. 
A recent such effort 61 acknowledged that failure of the model to correctly predict 
steady-state sensitivity parameters effectively precluded the possibility of correctly 
predicting unsteady response. It seems that the next step for advancement with 
composite propellants is to understand mixtures of binder and fine oxidizer, where 
the oxidizer particle size is small enough that the gas flame structure is essentially 
premixed, yet the compositional heterogeneity arising from two components is 
still present. One example of such an effort is summarized briefly. 

In the last few years, measurements of radiation response with binder-rich, 
monomodal fine-AP/HTPB propellants have demonstrated a prominent secondary 
(non-QSHOD) response peak. 43,62 The frequency of this secondary peak decreases 
with increasing AP particle size, and the peak itself disappears above a certain AP 
size (around 50 /im at 1 atm). With increasing pressure the second peak fre- 
quency increases. The secondary response peak has also been observed in wide 
distribution bimodal propellants if the pressure is high enough (2 atm). These 
observations have not been described yet with satisfactory accuracy by any mathe- 
matical model, but mechanistic interpretations have been made. The secondary 
peak has been attributed to time-varying selective or disproportionate pyroly- 
sis of AP (E c ~29 kcal/mol) and binder (E c ~ 11 kcal/mol) and the associated 
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compositional (stoichiometric) fluctuations that occur in the fuel-rich, premixed 
gas phase reaction zone adjacent to the surface. Low Peclet number (based on 
AP size) appears to be a requirement of achieving this condition. For AP size 
below 50 /xm (at 1 atm) the Peclet number is small (Pe < 1), and the gas flame 
is premixed (and fuel rich). Flame temperature, flame speed, and conductive heat 
feedback to the surface are all quite sensitive to perturbations in composition at 
this off-stoichiometric, fuel-rich condition. Temporal fluctuations in AP/binder 
decomposition species mass flux result in fluctuations in heat feedback to the sur- 
face, creating a feedback loop. This is the basic mechanism for the selective pyrol- 
ysis oscillatory response. 62 The absence of a strong selective pyrolysis response 
from the fine- AP/binder matrix region in wide distribution bimodal propellant at 

1 atm has been attributed to diffusive mixing of gaseous decomposition species 
between the coarse AP and matrix regions that mitigates the fuel richness of the 
gas composition issuing from the matrix region. Raising the pressure to as little as 

2 atm accelerates the gas phase kinetics enough to restore the necessary fuel rich- 
ness over the matrix, and the selective pyrolysis response reappears. One important 
implication of these results is that a strong secondary (non-QSHOD) response peak 
related to selective or disproportionate ingredient pyrolysis could be expected to 
occur in wide distribution AP composite propellants even for pressure-coupled re- 
sponse. Another implication is that the normally small density (flame temperature) 
fluctuation term in Eq. (4) could become significant. 


X. Conclusions 

For a few homogeneous energetic materials (notably NC/NG and HMX), a con- 
vergence of evidence has confirmed the basic applicability of classical ZN-FM 
QSHOD theory within predictable QSC (or at very high pressures, QSG) frequency 
limitations. Activation energy values for elementary initiation processes, such as 
bond energies, for example, CO-NO 2 and N-NO 2 , can be used in the common 
FM single-step surface pyrolysis relation with two conditions. These conditions 
are 1) the factor of two between the apparent Arrhenius surface pyrolysis activa- 
tion energy and the actual activation energy E s = E c /2 [see Eqs. (27) and (28)] 
must be recognized and 2) the common assumption of zero Jacobian parameter 
( n s = 0) must be relaxed. Use of the rigorous high-activation energy, zero order 
decomposition relation [Eq. (27)] satisfies both of these conditions. Recent ex- 
perimental and theoretical results suggest that the QSC assumption breaks down 
before (at lower frequency than) QSG. AEA theory (for the decomposition zone) 
suggests that, for typical E c and T s values, QSC breaks down at about £2 q S c ~ 25 
according to Eq. (41), and this seems to be confirmed experimentally by laser- 
recoil response measurements for both NC/NG and HMX. This £2 qsc criterion 
is relatively independent of pressure. The QSG criterion [Eq. (42)] typically pre- 
dicts noticeably higher values for £2qsg> but it varies inversely with pressure. Pre- 
sumably at high enough pressure, non-QSG effects could overshadow non-QSC 
effects in determining the response, but there has been no reported experimental 
verification (in conjunction with theoretical corroboration) of non-QSG effects. 
Further corroboration of both non-QSC and non-QSG effects on combustion re- 
sponse of homogeneous materials is needed. Also, numerical flame models with a 
range of complexity of kinetics are needed. As they are developed, these models 
should be validated both numerically, for example, by demonstrating recovery of 
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quasi-steady ZN results, and physically by comparison with not just a wide range 
of steady-state data but also available response measurements. Expectations for 
combustion response predictions should be at least as high for complex kinetics 
flame models as for simplified kinetics models. 

For heterogeneous energetic materials (composite propellants), there is not a 
theoretical framework for combustion response yet established that has the sup- 
port of a wide variety of experimental evidence such as has been demonstrated 
for homogeneous materials. Promising developments have been made for quasi- 
homogeneous mixtures containing fine-AP particles. However, more work, both 
experimental and theoretical, is needed before a theoretical framework is estab- 
lished that can describe even the low-frequency, quasi-steady response. A worthy 
goal at this point would be to reproduce computationally the observed two-peak 
response (low-frequency thermal relaxation peak and the secondary, selective py- 
rolysis peak), including particle size and pressure effects. The next step would be 
to do coarse, monomodal AP and then bimodal AP. The latter steps will require 
breakthroughs in heterogeneous propellant combustion modeling and flame theory. 

Development and refinement of any scientific theory takes place in parallel with 
development of experimental measurements, and solid propellant combustion re- 
sponse theory is no exception. Response measurements are being improved in terms 
of frequency resolution, accuracy, cost, and convenience. This has the positive ef- 
fect of generating questions about theory and motivating refinements. As response 
measurements improve or new ones are developed with improved accuracy and 
resolution, better agreement with theory can be expected. Response features previ- 
ously thought to be experimental noise or data scatter can be increasingly examined 
for physical interpretations. Measured combustion response has the potential to 
become a detailed signature of the combustion process for any given propellant. To 
achieve this level of diagnostic capability, however, pressure-response measure- 
ments are needed with better accuracy, reproducibility, and frequency resolution. 
Laser-driven response measurements have been useful in this regard. Radiation- 
response measurements have been a factor in motivating revisions in theory, such 
as negative Jacobian parameters, zero-order decomposition, QSC breakdown fre- 
quency, and criteria for the onset of nonlinear effects (perturbation amplitudes, 
frequencies, E Cjg values), to name a few. Combustion theory itself has also been 
useful in achieving better mechanistic response understanding as witnessed by the 
long-standing confusion between E s and E c and the way in which AEA theory 
clarifies this key point. Future progress in understanding energetic materials com- 
bustion through the combustion response function will probably continue to come 
through a combination of experimental, analytical, and computational advance- 
ments and continual comparison of the results of these three tools. 
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Nomenclature 

= heat capacity of solid, cal/gK 

= imaginary part of response function (solid heated layer), 
dimensionless 

= imaginary part of response function (surface melt layer), 
dimensionless 

= Zel’dovich criterion of combustion stability, dimensionless 
= mass burning rate, g/cm 2 s 
= pressure, atm 
= heat of melting, cal/g 

= sensitivity of burning surface temperature to initial temperature, 
dimensionless 
= linear burning rate, cm/s 

= real part of response function (solid heated layer), 
dimensionless 

= real part of response function (surface melt layer), 
dimensionless 

= initial sample temperature, °C 
= burning surface temperature, °C 

= sensitivity of mass burning rate to initial temperature, %/K 
= pressure sensitivity of mass burning rate, dimensionless 
= pressure sensitivity of burning surface temperature 
= propellant density, g/cm 3 
= dimensionless frequency 


Copyright © 2000 by the American Institute of Aeronautics and Astronautics, Inc. All rights 
reserved. 

‘Professor, Institute of Chemical Physics, 
t Senior Researcher, Institute of Chemical Physics. 


639 


640 


A. A. ZENIN AND S. V. FINJAKOV 


w = frequency, 1/s 

a>„ = resonance frequency, dimensionless 


I. Introduction 

M ANY investigations have focused on nonsteady combustion of solid pro- 
pellants, including, for instance, the experimental and theoretical works in 
Refs. 1-6. A first step in the investigations is an attempt to obtain burning-rate re- 
sponse functions to incident pressure oscillations. Experimental response functions 
have also been measured with radiant fluxes. 7-10 The first experiments on the deter- 
mination of response functions by direct measurements (microwave ultrasound and 
magnetohydrodynamic methods) were discussed recently for HTPB/AP propel- 
lants in Ref. 11. Theoretical estimations of the response functions and an analysis 
of nonlinear effects were suggested by De Luca. 1 * Experimental results obtained 
by T-bumer and laser impulses were presented in Refs. 13 and 14. Beckstead and 
Erikson 15 estimated the amplitudes of response functions for AP, HMX, RDX, and 
simple double-base propellants based on existing experimental data for burning 
rates and burning surface temperatures as functions of pressure and propellant 
initial temperature. In Ref. 1 6, the amplitudes of RDX response functions at 1 atm 
were estimated on the basis of full chemical kinetics by the Zel’dovich-Novozhilov 
(ZN) theory and by numerical simulations; the results of the calculations were 
compared with the experimentally obtained parameters of RDX combustion. 17 

Many investigations have been devoted to the effects of pressure oscillations 
and pulsed instability inside solid-propellant rocket motors. 18-24 It is obvious, 
however, that a full understanding of the phenomena is impossible without an un- 
derstanding of the physics governing the influence of small pressure oscillations on 
propellant combustion. Up to now the problem of response function determination 
by experiments has not been solved, especially at elevated pressures. The aim of 
this work is to obtain burning-rate response functions of solid propellants on the 
basis of microthermocouple measurements and by using the ZN approximation. 2,3 
The experimentally obtained pressure and temperature sensitivities of burning rates 
and burning surface temperatures for HMX and composite-modified double-base 
propellants were used for calculations of the burning-rate response functions. A 
part of the response functions was presented in Refs. 25-27. This chapter is a 
continuation of that work. 


II. Investigated Substances and Experimental Results 

Two types of modified double-base propellants were used for the investigations: 
normal double-base propellants with 20% nitroglycerine and “hot” double-base 
propellants with 34% nitroglycerine. The propellant samples had a cylindrical 
shape 10 mm in diameter and 20 mm long. Four normal modified propellants were 
selected for the investigations: A, B, C, and D. Basic normal propellant A (see 
Table 1) contained 55% nitrocellulose, 20% nitroglycerine, 20% nitrosoamine 
(1,4,5,8-tetranitrosotetrasamine), and 2% catalyst (Ni) (all percentages are by 
weight). The density of the propellants was p = 1.6g/cm. The composition 
of propellants B, C, and D was chosen to check the influence of adding HMX 
(amount and particle size) and the influence of the catalyst (very small Ni par- 
ticles). Propellant B had a 10% addition of HMX with relatively large particles 
(~40 /xm). Propellant C had the same composition as propellant B but without the 
catalyst. Propellant D had the same addition of HMX as propellant C, but the HMX 
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Table 1 Propellant compositions 





Propellant 




A 

B 

C 

D 

E 

G 

Nitrocellulose, % 

55 

50 

50 

50 

34 

35 

Nitroglycerine, % 

20 

20 

20 

20 

34 

34 

Nitrosoamine, % 

20 

15 

17 

17 

30 

14 

HMX, % 

<50 /rm/150-300 pm 

— 

— 

— 

— 

— 

15 

40 pm 

— 

10 

10 

— 

— 

— 

\0pm 

— 

— 

— 

10 

— 

— 

Ni, % 

2 

2 

— 

— 

— 

— 

Processing additives, % 

Up to 

Up to 

Up to 

Up to 

Up to 

Up to 


100 

100 

100 

100 

100 

100 


had a smaller particle size (10 jxm). Thus, the comparison of the results obtained 
for propellants A-D shows the influence of HMX, its particle size, and Ni catalyst 
additions on the normal modified double-base propellant combustion to be in- 
vestigated. Two hot modified double-base propellants with 34% nitroglycerine, E 
and G, differ by nitramine content. Propellant E contained only the nitrosoamine 
addition, 30%, but propellant G had a 15% HMX addition, mainly instead of 
nitrosoamine. Thus, the comparison of the results obtained for propellants E and 
G allows the influence of HMX addition on the hot modified propellant combus- 
tion to be studied. The powder HMX in propellant G had two ranges of particle 
size: less than 50 and 150-300 /cm. The propellant density was 1.6g/cm 3 . The 
combustion of pressed 8 x 8 x 15-mm pellets of HMX was also investigated. The 
density of the pellets was 1 .7 g/cm 3 . 

Table 2 (see also Refs. 25 and 26) shows the results of measurements of mass 
burning rate m and burning surface temperature T s for propellants A-G. The propel- 
lant samples were burned in a nitrogen environment of a constant-pressure bomb; 
the burning surface temperatures were measured by microthermocouples. 17,25 
Table 3 (see also Ref. 28) shows the result of measurements of mass burning 
rate m and burning surface temperature T s for HMX. The data analysis shows that 
the standard deviations of the measurements do not exceed ±5%. Thus, it was 
assumed that A rb = A m = A T s = ±5%. 


III. Pressure and Temperature Sensitivities of Burning Rate 
and Burning Surface Temperature 

The obtained values of burning rate m and surface temperature T s , which are 
listed in Tables 2 and 3, were used to obtain the following temperature and pressure 
sensitivities of the burning rates and the burning surface temperatures: 

= (3 &v/n/37o) p — sensitivity of mass burning rate to initial temperature; 
r = (dT s /dT 0 ) p — sensitivity of burning surface temperature to initial 
temperature; 

v = (3 Lm/d (n p)r 0 — pressure sensitivity of mass burning rate; and 
fi = (T s — To) -1 • (dT s /3 L. p ) TQ — pressure sensitivity of burning surface 
temperature. 
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Table 2 Mass burning rates m, g/cm 2 s, and burning surface temperatures 
T S ,°C, for propellants A-G 


Propellant 

Property 

20-atm p and 7b, °C 

50-atm p and 7o, °C 

100-atm p and 7b, °C 

-80 

(-70) 

+20 

+100 

(+50) 

-70 

+20 

+50 

-80 

(-70) 

+20 

+100 

(+50) 

A 

m 

0.64 

0.82 

1.35 

— 

— 

— 

1.20 

1.65 

2.16 


T, 

350 

375 

420 

— 

— 

— 

410 

440 

470 

B 

m 

0.64 

0.82 

1.12 

— 

— 

— 

1.12 

1.36 

1.80 


T s 

350 

375 

400 

— 

— 

— 

400 

420 

450 

C 

m 

0.64 

0.77 

1.30 

— 

— 

— 

1.02 

1.34 

2.14 


T s 

350 

365 

420 

— 

— 

— 

390 

420 

474 

D 

m 

0.61 

0.74 

1.06 

— 

— 

— 

1.02 

1.38 

1.74 


T s 

350 

365 

395 

— 

— 

— 

390 

420 

450 

E 

m 

(0.50) 

0.66 

(0.80) 

0.90 

0.95 

1.20 

(1.77) 

1.79 

(2.05) 


Ts 

(330) 

355 

(374) 

380 

390 

410 

(450) 

455 

(465) 

G 

m 

(0.58) 

0.69 

(0.78) 

0.90 

1.07 

1.17 

(1.23) 

1.60 

(2.00) 


T s 

(348) 

358 

(370) 

384 

400 

410 

(415) 

438 

(465) 


A smoothing procedure must be used on the experimental data before finite- 
difference approximations of these derivatives can be made. Otherwise, the error 
in the results is amplified. The unified dependency T s {m) for double-based pro- 
pellants (its validity for the investigated propellants was established) made the 
smoothing procedure easier. As a rule, the determination of / 3 does not incur any 
difficulties, because the experimentally obtained functions m(T 0 ) at constant pres- 
sure are smooth enough. For determination of the values of r, it is necessary to use 
analytic connections between r and ft obtained by differentiation of the unified 
dependencies T s (m ) for double-base propellants 17 and for cyclic nitramines. 28 For 


Table 3 Mass burning rates m, g/cm 2 s, and 
burning surface temperatures T s ,° C, for HMX 


Pressure, 
p, atm 

Property 


o 

o 

s? 


-170 

+20 

+100 

10 

m 

0.33 

0.47 

0.60 


T s 

388 

420 

442 

20 

m 

0.60 

0.77 

0.94 


T s 

438 

450 

470 

50 

m 

1.25 

1.42 

1.67 


T s 

490 

495 

500 

100 

m 

2.04 

2.20 

2.5 


Ts 

510 

520 

522 
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Table 4 Parameters i>, p, k, and r for propellants A-D 


Pressure, 
p, atm 

o 

o 

Property 


Propellant 


A 

B 

C 

D 

20 

-80 

V 

0.40 

0.36 

0.30 

0.34 




0.087 

0.073 

0.058 

0.058 



k 

1.07 

1.07 

0.80 

0.86 



r 

0.204 

0.206 

0.510 

0.165 


+20 

V 

0.46 

0.31 

0.35 

0.39 



M 

0.114 

0.079 

0.10 

0.10 



k 

1.47 

1.10 

0.83 

1.07 



r 

0.39 

0.29 

0.22 

0.334 


+ 100 

V 

0.29 

0.29 

0.31 

0.31 



M 

0.098 

0.104 

0.108 

0.117 



k 

1.98 

1.17 

2.08 

1.33 



r 

0.72 

0.425 

0.75 

0.485 

100 

-80 

V 

0.40 

0.39 

0.30 

0.34 




0.077 

0.065 

0.053 

0.053 



k 

1.56 

0.93 

1.36 

1.41 



r 

0.315 

0.186 

0.34 

0.278 


+20 

V 

0.46 

0.31 

0.35 

0.39 



M 

0.097 

0.07 

0.086 

0.086 



k 

1.37 

1.04 

1.68 

1.16 



r 

0.37 

0.278 

0.38 

0.31 


+ 100 

V 

0.29 

0.29 

0.31 

0.31 



+ 

0.083 

0.089 

0.093 

0.098 



k 

1.28 

1.23 

2.18 

1.01 



r 

0.45 

0.43 

0.765 

0.356 


modified double-base propellants, r can be estimated by the formula 

r = P/[E/2KT s f - (T 0 /T S )(T S - 7b)] (1) 

The relative standard deviations of r, i.e., A r, obtained by Eq. (1), and A/S are 
practically equal to each other, at ~±5%. 25 The same Ar was obtained for HMX. 28 
The normal graphical procedure of smoothing gives small standard deviations for v 
and n as well. It can be shown 25 that for the substances discussed here the standard 
deviations Av and A/i. are ~±(2-3)%. 

Tables 4-6 show the results of the sensitivity determinations. A nondimensional 
form of the temperature sensitivity parameter is k — fi{T s — 7o). This form is 
used here for propellants instead of /S . For HMX, this parameter is designated 
k 0 (see below). Table 4 presents sensitivities of normal double-base propellants 
A-D at 20 and 100 atm for 7b = —80, 20, and 100°C. A characteristic feature 
of the propellants is a relatively small v range of 0.29-0.46. Table 5 presents the 
same sensitivities for hot double-base propellants E and G. It can be seen that the 
values of v here are significantly higher: from 0.30 up to 1 .0. The relatively high 
values of v occur also for HMX: Table 6 shows that they are 0.65-0.88. Tables 4-6 
show that addition of HMX to the propellants, as a rule, decreases v. Parameter 
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Table 5 Parameters v , fi, k, and r for propellants 
E and G 


Pressure, p, atm 

U 

o 

s? 

Property 

Propellant 

E G 

20 

-70 

V 

0.65 

0.50 



P 

0.134 

0.091 



k 

1.26 

0.79 



r 

0.24 

0.15 


+20 

V 

0.39 

0.48 



P 

0.115 

0.136 



k 

1.3 

0.84 



r 

0.32 

0.22 


+50 

V 

0.44 

0.45 



A 

0.119 

0.138 



k 

2.09 

1.3 



r 

0.62 

0.38 

50 

-70 

V 

0.8 

0.50 




0.173 

0.091 



k 

0.225 

0.86 



r 

0.045 

0.17 


+20 

V 

0.66 

0.54 



A 

0.179 

0.131 



k 

0.87 

0.83 



r 

0.23 

0.22 


+50 

V 

0.61 

0.60 



M 

0.164 

0.172 



k 

2.5 

0.27 



r 

0.82 

0.08 

100 

-70 

V 

1.0 

0.5 



p 

0.195 

0.093 



k 

0.07 

1.4 



r 

0.015 

0.29 


+20 

V 

0.93 

0.60 



p 

0.216 

0.128 



k 

0.64 

1.69 



r 

0.17 

0.50 


+50 

V 

0.78 

0.76 



p 

0.192 

0.192 



k 

1.87 

2.7 



r 

0.56 

0.91 


p of propellants A-D is equal to 0.05-0. 1 1 . The values of p decrease when the 
pressure increases, and, as a rule, p increases with initial temperature. Propellant 
E has an increased p (0. 12-0.21), and p quickly increases with pressure. Addition 
of HMX to the hot propellant significantly decreases p at 70 and 20°C and does 
not change p at 100°C. For HMX po has high values at 10 and 20 atm (0.2-0.15 
for T 0 = 100°C) and quickly decreases with pressure up to 0.06-0.08 at 100 atm. 
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Table 6 Parameters u, p, k, and r for HMX 


Pressure, 
p. atm 

To, °C 



Property 



V 

Po 

P 

ko 

k 

r 

10 

-170 

0.85 

0.09 

0.077 

1.05 

1.23 

0.10 


+20 

0.83 

0.14 

0.113 

0.76 

0.94 

0.12 


+100 

0.88 

0.20 

0.157 

0.50 

0.64 

0.13 

20 

-170 

0.85 

0.10 

0.087 

0.80 

0.92 

0.11 


+20 

0.66 

0.12 

0.099 

0.65 

0.79 

0.20 


+100 

0.68 

0.15 

0.120 

0.96 

1.20 

0.26 

50 

-170 

0.85 

0.06 

0.053 

0.56 

0.64 

0.026 


+20 

0.66 

0.06 

0.050 

0.40 

0.48 

0.03 


+ 100 

0.68 

0.08 

0.065 

0.55 

0.68 

0.10 

100 

-170 

0.65 

0.06 

0.053 

0.56 

0.64 

0.06 


+20 

0.66 

0.06 

0.051 

0.63 

0.75 

0.07 


+ 100 

0.68 

0.08 

0.066 

0.70 

0.86 

0.09 


The temperature sensitivity of burning rate ft, as a rule, decreases with pressure 
and increases with T 0 ; only propellants E and G at 100 atm have increased values 
of ft, and this increase is especially quick at elevated To- As a rule, /J for HMX is 
less than those of the propellants, and HMX addition to the propellants decreases 
ft (only for propellant E at 100 atm does HMX addition give a significant increase 
in ft). The level of ft at a normal temperature is ~0.1-0.2%/K for HMX and 
~0. 2-0.4 %/K for propellants. 

Parameters ko for HMX and k for propellants, as a rule, decrease with pressure 
and increase with temperature. The level of ko at a normal temperature for HMX is 
~0.4-0.7, and the level of k for propellants is ~0.8— 1 .4. The level of r at a normal 
temperature is ~0.03-0.25 for HMX and ~0. 1-0.5 for propellants. 

Previous work 29 has shown that a melted layer on the burning surface decreases 
the stability of combustion. The parameter k in this case must be calculated by the 
following expression: 


k = ft ■ (T, - T 0 + q m /c) (2) 

where q m is the heat of melting and c is the heat capacity. HMX has a melted 
layer on the burning surface, and therefore expression Eq. (2) was used in further 
calculations for HMX. Table 6 shows both of the parameters, k and ko = ft ■ (T s — 
T 0 ). It was assumed for HMX that q m = 28 cal/g and c = 0.3 cal/g K. Section IV 
shows that for the HMX response function calculations, the corrected value of 
pressure sensitivity of surface temperature in the following equation must be used: 

P = (T, - T 0 + q m /c)- x • (ar,/ 3 Lp) (3) 

Table 6 shows both of the parameters, p and po = (T s — To) -1 • (dT s / 3 L p). 

Previous work 25,26 has shown that these propellants and HMX have stable com- 
bustion under the investigated conditions. 
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IV. Theory of Burning-Rate Response Functions 
A. Solid Layer on the Burning Surface 

A full description of propellant burning-rate behavior in a pressure field with 
low-amplitude pulsations, in the case of a nonmelted layer on the burning surface, 
can be made in the framework of the ZN theory. 3 ' 6 Let the pressure have harmonic 
dependence on time t according to the expression 

P - Po + P\ coscot (4) 

where p\ <3C pq. Then the burning rate in a linear approximation has the following 
form: 


n = ri>o + r\ cos cot (5) 

where r\ <& r h . Novozhilov obtained, 3 6 using the complex amplitude method, the 
following expression for the burning-rate response to oscillatory pressure: 

U = [ V + (v ■ r — n ■ k) • (z - 1)]/[1 + r • (z - 1) - k ■ (z - l)/z] (6) 

Here z = (1 + Vl + 4ico)/2; U = where t>i is the complex amplitude of 
the burning-rate fluctuation and r\\ = P\ /po\ and co is a nondimensional frequency 
that is equal to the cyclic frequency cb, in 1/s, multiplied by the thermal relaxation 
time of the solid heat layer x/ r l- Values of v, p,k, and r are based on the mean 
pressure po- It is convenient to derive the response function in a traditional form: 

U = {A + B ■ i)/(C — D ■ i) = (A ■ C — B ■ D)/(C 2 + D 2 ) 

+ (A-D+B-C)-i/(C 2 + D 2 ) (7) 

Thus: 

Re{t/} = (A-C-fi-D)/(C 2 + £> 2 ) and Im {U} = (A ■ D + B ■ C)/(C 2 + D 2 ) 

( 8 ) 

where 

A = v + S ■ (Ri - 0.5); B = 8 ■ (R 2 - 0.25)° 5 (9) 

C = 1 +r •(/?, — 0.5) — * • (1 - IR,); 8 = v-r-p-k (10) 

D = {k/ 2/?0 • [(2 Ri - 0.5)/(2Ri + 0.5)] 05 - r • (R 2 - 0.25)°' 5 (11) 

Equation (6) is based on the supposition that the relaxation time for the solid 
heated layer is much longer than those for the leading part of the gas phase and 
reaction layer of the solid. Estimations show that for the investigated substances 
this supposition is valid. Indeed, values of yjr\ are at least 10-20 times higher 
than other relaxation times. This implies that the results obtained in the previous 
section can be used for calculations of burning-rate response functions. 

Estimations also show that the standard deviations of these calculations for 
Re{l/) are equal to 15-20% for HMX and 20-50% for propellants. The accuracy 
of these calculations allows us to obtain reliable results. 
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B. Melting Layer on the Burning Surface 

Two different layers on the burning surface, liquid and solid, change the physical 
conditions on the surface. It is necessary to make an additional theoretical analysis 
of the problem. In Ref. 30, such an analysis was made through the ZN approach. 

As in Refs. 3 and 6, it is assumed in Ref. 30 that the thermal inertia of the heated 
layer is the limiting factor in this nonstationary process, and the burning rate r b 
and surface temperature T s are generally functions of the temperature gradient /o 
on the solid-gas boundary and of the pressure p. The experimentally determined 
dependencies for steady combustion. 

rboiPo, To) and T s0 (p 0 , T 0 ) (12) 

are in fact the following parametric dependencies: 

r b (fo, p) and T s (f 0 , p) (13) 

The burning-rate response function U = v\/r} { was found under conditions of 
harmonically changing pressure on the burning surface, 

rj = 1 + r)\ • cos ibt (14) 

where r\ = p/po and ij] = p/po\ here p is a small harmonic variation of pressure 
(the tilde indicates a small value), and po is a mean pressure. The corresponding 
nondimensional equations for the temperature gradient, surface temperature, and 
burning rate have the following forms: 

(Po = 1 + <p\ • cos cot (15) 

where <p 0 = fo/foo, <P\ = f/foo, and / 00 is a stationary gradient, 

6 S = 1 + Osi ■ cos wt (16) 

where 9 S = 8T S /8T S 0 , 6 S \ = 8T s /8T s o, and 8T s0 = T s0 - T 0 , 

V = 1 + Vi • cos wt (17) 

where V = r b lr b0 , Vi = r b /r b o, and r bQ is a stationary burning rate. Presentation 
of these expressions in an exponential complex form and substitution into the 
transient heat conduction equation for the solid phase allow for, after linearization, 
a solution for the case of a single layer on the burning surface (i.e., no melt layer). 

For the case of a melt layer on the burning surface, it is necessary to consider 
two layers at the surface: liquid and solid. The linearized transient heat conduction 
equation is then derived for each layer. The solution takes the following functional 
form: 


9 S \(<P\,V\) and <pi(0 t \, V\) (18) 

With the use of Eqs. (12) and (13), the following functions are obtained: 

Vi(<pum) and 0 s i(<Pi, r?i) (19) 

These equations, along with the energy balance between the solid and the liquid 
layers, serve as a basis for determining the buming-rate response function for 
melting substances. 
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1. Determination of V] (^i , q\) and 0 s i(<pi , t)\) 

Functions (12) are valid for steady combustion and therefore the steady heat 
conduction equation is considered here for the liquid layer. It has the following 
form: 


L -1 • d 2 0 0 /dt- 2 + de 0 /di; = 0 (20) 

where 6 0 = (T — T a )/(T s o — To); L = k/k L , with k and k L being the solid and 
liquid thermal conductivity, respectively; and £ = x/l 0 , with l 0 being the thickness 
of the thermal layer. Boundary conditions are as follows: 0o = 1 at £ = 0; and 
8 a = Q m - (T m - 7o)/(r s0 - 7o) at § = H = x m /lo, where x m is the thickness of 
the melt layer and T m is the melting temperature. The solution to Eq. (20) is 

do = 1 - (1 - e m )(l - «"«)/(l - e~ LH ) (21) 

The heat conduction equation for the solid layer under steady-state conditions 
is 


a 2 0 o /d? 2 + 90o/3? = 0 (22) 

Boundary conditions are as follows: $ 0 = 0 at £ = oo and (9 0 = 8 m at £ = H. The 
solution to Eq. (22) takes the form 

Oo = 0 m • e-«~ H) (23) 

The position of the melting section can be found from Eqs. (21) and (23) as follows: 

H =L~ X ■(4{\+q)/{e m +q)] (24) 

where q = q m /[c(T s o - 7o)]. The gradient f 0 o at x = 0 can thus be found to be 

/oo = —L ■ r b ■ A l /x (25) 

where A L = (T s o — 7o + q m /c). Differentiation of /oo gives 

dfoo = fooiv + d) ■ dp /p + fooik + r) ■ dT 0 /A L (26) 

Thus, 

(3 fcv/wa &v/oo)p = k/(k + r - 1) (fo/r b ) • (dr b /df 0 ) (27) 

(3 Lr b0 /d &vp) /oo = (8 - v)/(k + r - 1) % ( p/r b ) • (dr h /dp) (28) 

The final equations of this subsection are as follows: 

Vi = k ■ <pi/(k + r — 1) + (3 - v) ■ milk + r - 1) (29) 

0 sX = (1 + q) ■ r/(k + r - 1) - (1 + q) ■ (3 - fi) ■ r] X /{k + r - 1) (30) 


Here k = ko(\ + q), p = po/{\ + q ), and & = v-r — p,-k = &o = v-r — fio-k 0 . 
Without melting, q = 0, k = ko, and p — p. o. Equations (29) and (30) transform 
into classical equations discussed in Ref. 3. 



BURNING-RATE RESPONSE FUNCTIONS 649 

2. Determination of9 s i((pu Vj) and (fi\(9 s \, Vj) 

The transient heat conduction equation for the liquid phase is derived as follows: 

90/9t = L~‘ • d 2 em 2 + V • 80/8$ (31) 

where r = t/to and fo = x/ r lo- Let us present functions 9 and V [see Eqs. 
(16) and (17)] in an exponential form: 6 = 9q + Q\ exp(id>r) and V = V\ + 
V[ ■ exp(icbt). Substitution into Eq. (31) and linearization of the result give the 
following expression: 

0\ + L ■ 6\ — icb ■ L ■ 6\ = L 2 ■ — 9 m )/{\ - e~ LH )] ■ Vi ■ e~’ A (32) 

The solution takes the form 

9\ = iL ■ (1 + q)V t e-^/cb + D\ • exp(-o • L • $) + D 2 • exp(-h • L ■ § ) (33) 
where D\, D 2 , a, and b are constant values. Hence, at £ = 0, 

9 sX =D 1 +D 2 + i- L{ 1 + q)V\ (34) 


After differentiation of Eq. (33) and some assumptions, the following expression 
can be obtained: 


<Pi =aLD x +bLD 2 +i • L 2 (l +q)V x /w (35) 

Finally, the condition at the boundary of the melt layer is as follows: 

Dd( 1 + q)/(9 m + q)T a + D 2 • [(1 + q)/(9 m + q)Y b = 0 (36) 

It can be seen that all the parameters and constant values can be determined by 


Eqs. (29), (30), and (34-36). 

3. Determination of the Burning-Rate Response Function 
Thus, a system of the required equations is as follows: 

Vi = k ■ (pi/x +(S - v) • rji/x (37) 

9 S \ = (1 + q) ■ r/x - (1+ q) ■ (5 - n) ■ r?i/x (38) 

9 sl =D 1 +D 2 + i-L(\+q)V ] (39) 

(pi = aLD\ + bLD 2 + i • Z, 2 (l + q)V\/w (40) 

D\A~ a + D 2 ■ A~ b — 0 (41) 


where A = (1 +q )/(9 m + q). The solution of the above system gives an expression 
for the burning-rate response function in the case of a melted layer at the burning 
surface: U L — V\/q\. This expression is as follows: 

U L = [v + S-(zi- 1)]/{1 + r • (zj - 1) - k - i • [L( 1 +q)- zi]/w} (42) 


where z\ — L ■ (1 + <y)[0.5 + 0.5 • z ■ (A z + 1)/(A Z - 1)] and z = 4co/L. 

We assume, in this calculation, that z\ « z* = L( 1 + ^)[0.5 + 0.5z(l + 2/ A)]. 
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For some calculations it is convenient to have an equation for the response 
function Ul in a traditional form: 

Re{[/ L } = (A, • Ci - B a ■ D,)/(C? + Z>?) (43) 

Im(t/ L } - (A, -Di + Bi- Ci)/(C? + Df) (44) 

where Ai, C lf and £>i are the following functions (if zi « z*): 

Ai = v + «o[L(l + q)(Ri L + 0.5) - 1]; B\=L ■ 5 0 (1 + q){R\ L - k|/4)°' 5 

(45) 

C x = 1 + r[L ■ (1 + q)(Rn + 0.5) - 1] - *[l - (1 + q)b 2 L /2R XL ] (46) 

D, = *(1 + q)bl(R lL +0.5)/2R )L {R 2 lL - fe|/4)° 5 - rL(l +q)(R 2 L - bi/4)°' 5 

(47) 

R\l = + (1 + 16ft) 2 ) 0,5 ]} 0 ' 5 ; b L = [l+2(6 m +q)/(l+q)] (48) 

In the case that q m = 0 and T m = 7o, Eqs. (43) and (44) convert to Eqs. (8) and 
(9). In the HMX calculations, it was assumed that L = 1. 


V. Burning-Rate Response Functions for HMX and CMDB Propellants 
A. HMX Response Functions 

Figures 1 and 2 present the burning-rate response functions of HMX, calculated 
at 20 and 100 atm and at 7b = 20°C in two ways: by Eq.(6)forthe functions Re{t/} 
and Im{ U } and by Eq. (42) for the functions Re{ Ul } and IM{ Ul }. It can be seen that 
melting in the condensed phase changes the HMX buming-rate response functions 
significantly. The effect of melting decreases the real part of the response functions, 
approximately 2-3 times at 20 atm and 1.5-2 times at 100 atm. The imaginary part 
decreases at 20 atm and increases at 100 atm. The effect of melting significantly 



Fig. 1 HMX response functions with and without melting: 20 atm, 7b = 20° C. 
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Fig. 2 HMX response functions with and without melting: 100 atm, 7o = 20°C. 


increases the resonance frequency co„ : at 20 atm, from about 4.5 up to 6.5 and, at 
100 atm, from about 6 up to 1 2. 

The observed phenomena have relatively simple physical explanations. A liquid 
layer on the burning surface plays a damping role that partly blocks the pressure 
pulsating penetration into the solid part of the HMX heated layer, and therefore 
the liquid layer decreases the burning rate pulsating. The liquid layer is thicker at 
20 than at 1 00 atm, so that the decrease in the real part of the response function 
at 20 atm is larger than at 100 atm. As for the resonance frequency, it can be 
estimated by the expression w„ >t h ~ Vk/r (see below). Obviously, the increase 
in w„, observed above, is connected with the increase in k in the melting case, in 
comparison with ko', see Eq. (2). 

Figures 3-5 show the obtained functions Re{ U L } and Im{ U L ) for HMX at 1 0, 50, 
and 100 atm and at To = — 170, 20, and 100°C. It can be seen that burning HMX, as 
an oscillating system, has a low quality (in filter theory terminology); the response 



Fig. 3 HMX response functions at 10 atm. 
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dimensionless frequency 

Fig. 4 HMX response functions at 50 atm. 


functions close to the resonance frequency w„ vary only slightly with frequency. 
Burning HMX has, as a rule, k < 1, and therefore its resonance phenomenon 
is significantly depressed, due to the viscous behavior of the oscillations. HMX 
combustion is an example of a smoothed resonance phenomenon. It is natural that 
Im{ U L ), presenting the phase of oscillations of the response function, changes the 
sign at the resonance, at u> = am- 
iable 7 shows the dimensionless characteristics of the HMX buming-rate re- 
sponse functions presented in Figs. 3-5. Here Re{C/ max } is the maximal values of 
R e{U L },Jk/r ^ a>„th is a theoretical expression of the resonance frequency, w n \ is 
a nondimensional frequency corresponding to Re{{7 max ), co „ 2 is a nondimensional 
frequency corresponding to lm{U L } = 0 (generally co„\ w n 2 ), Im(l/ max(+ )} is 

the maximal values of Im{f/£,} in the positive region of and Irn{[/ maX (_)} 



Fig. 5 HMX response functions at 100 atm. 
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Table 7 Dimensionless characteristics of HMX response functions 


Pressure , 
p, atm 

u 

0 

si 




Property 




sfk/r 

(On\ 

co„ 2 

Im {£/ max(+)l 

Im {£/ maX (_)} 

10 

-170 

0.61 

11 

10.5 

10 

0.21 

<- 0.23 


+20 

0.55 

8 

7.0 

6.5 

0.18 

<- 0.22 


+100 

0.63 

6 

5.5 

5.5 

0.22 

<- 0.17 

20 

-170 

0.69 

9 

9.5 

9.5 

0.24 

<- 0.18 


+20 

0.52 

4 

6.5 

7.5 

0.19 

<- 0.07 


+100 

0.44 

4 

5.5 

6.0 

0.16 

<- 0.10 

50 

-170 

0.89 

— 

— 

— 

0.25 

<- 0.10 


+20 

0.66 

— 

12 

12 

0.19 

<- 0.08 


+ 100 

0.64 

8 

9 

10 

0.21 

<- 0.10 

100 

-170 

0.62 

13 

11.5 

12 

0.20 

<- 0.12 


+20 

0.67 

12 

11.5 

12 

0.21 

<- 0.13 


+ 100 

0.64 

10 

9.0 

9.5 

0.21 

<- 0.18 


is the maximal absolute values of Im{£/i.} in the negative region of the functions. 
The same characteristics appear in Tables 8 and 9. 

It can be seen from Table 7 that the formula co„ = sfk/r gives, as a rule, 
adequate predictions of regions of co n \ and co „ 2 . The difference between co n \ and 
co „ 2 is small, and, when they differ, co„[ < co n2 . The above-introduced nomination 
of Im{£/ maX (_)} for HMX is the conventional one. The function Im{ (/*,(&>)} in 
the negative region is characteristically monotonic, decreasing with co. Table 7 
contains, in fact, only values of \m{U L ) at the largest values of co. A characteristic 
feature of the function Re{t/(co)} is low values of Re{t/ max ); it is mainly equal 
to 0.5-0.7. The values of Irn{C/ maX ( +) } and Irn{I/ maX (-)} are close to each other in 
absolute values and comprise values from 0.05-0.07 up to 0.4-0.7. 

A significant peculiarity of response functions of Re{t/ } (for the case of a single 
layer) is the fact that R e[U(co = 0)} = v. Regrettably, Eq. (43) for response 
functions of R q{Ui) is not valid at frequencies co < 1 for real substances with a 
melted layer. The problem is that significant increase in energy loss takes place in 
the melted layer at pressure pulsations. These losses lead to a decrease in response 
frequencies in comparison with the initial frequencies of the pressure oscillation. 
This implies that at co < 1 the burning-rate response ceases to pulsate, due to 
damping, and Re{Ui] cannot be calculated at these small co. Therefore, the curves 
of R e{Ui} for HMX in the figures were discontinued at co < 1. At elevated 
frequencies, the influence of a negative addition to co of the response due to energy 
losses is not significant. Of course, in the strict sense, the burning-rate response 
functions in the case of the melted layer must have a nonharmonic character, and 
the approach suggested in the previous section is a first approximation. 

The comparison of the calculated HMX response functions with those obtained 
experimentally using a T-bumer 13 shows that the functions calculated here are 
significantly lower (Re{t/ m ax} = 1-1.5 without melting and Re{t/ max } = 0. 5-0.6 
with melting) than the experimentally obtained response functions (Re{t/ ma x} = 
1. 2-2.0). The Ward et al. model described in Ref. 13 also predicts elevated values 
of Re{I/ max } in the range of 2.5-2.8. 
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Table 8 Dimensionless characteristics of propellant response functions: 
Propellants A-D 


Property 

Pressure, 


Propellant 

p, atm 

U 

o 


Vk/r 


0>„2 

Im{{/ ma x(+)} 

Im{{/ max (_)} 

A 

20 

-80 

0.79 

5 

4 

3.3 

0.15 

-0.34 



+20 

1.12 

3 

2.5 

2.5 

0.27 




+ 100 

0.77 

2 

2 

2 

0.19 



100 

-80 

1.43 

4 

3.5 

3.5 

0.42 

-0.68 



+20 

1.06 

3 

3 

2.9 

0.25 

-0.41 



+ 100 

0.53 

2.5 

2 

2 



B 

20 

-80 

0.72 

5 

4 

3.5 

0.14 

-0.29 



+20 

0.56 

3.6 

3 

2.5 


-0.22 



+100 

0.46 

2.5 

2 

1.5 


-0.19 


100 

-80 

0.71 

5.2 

4.3 

4 

0.13 

-0.23 



+20 

0.55 

3.7 

3 

2.7 


-0.19 



+100 

0.50 

2.6 

2 

1.8 


-0.19 

C 

20 

-80 

0.42 

2.6 

2 

2 





+20 

0.52 

4 

3 

2.3 


-0.19 



+100 

0.88 

2 

1.5 

1.6 

0.23 

-0.48 


100 

-80 

0.74 

3.4 

3 

3 

0.19 

-0.27 



+20 

1.25 

3.4 

3 

3 

0.34 

-0.66 



+ 100 

1.09 

2 

2 

1.7 

0.33 

-0.55 

D 

20 

-80 

0.59 

5.6 

4.5 

4 


-0.19 



+20 

0.66 

3 

2.5 

2.3 

0.11 

-0.23 



+100 

0.53 

2.4 

2 

1.5 


-0.24 


100 

-80 

1.05 

4.3 

4 

3.8 


-0.43 



+20 

0.75 

3.5 

3 

2.7 

0.15 

-0.27 



+ 100 

0.47 

2.8 

2 

1.8 


-0.17 


B. Propellant Response Functions 

Figures 6-9 present typical dependencies of Re {£/(«)} and Im{[/(o))} for pro- 
pellants A and B. Table 8 shows dimensionless characteristics of the response 
functions of propellants A-D. The propellants with HMX have only 10% HMX, 
and nitrosoamine does not melt, so that all calculations for the propellants were 
performed using Eq. (8). It can be seen that burning propellants A-D, as oscil- 
lating systems, have a high quality; the variations in the functions Re{(m)} and 
Im{£/ (oj)} with frequency close to the resonance frequency co„ are rather sharp. In 
this frequency region, any small perturbation can significantly affect the response 
functions. It can be seen from Figs. 6-9 and Table 8 that propellant A has elevated 
values of the response function, in comparison with that of HMX. The same can be 
seen from, Figs. 10-13 for propellant E. A very important result of the calculations 
is a significant decrease in the propellant response functions if HMX is added to 
the propellants. The maximal values of Re{£/i,(<u)] of HMX are relatively close to 
the response functions of the propellants containing HMX. 
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Table 9 Dimensionless characteristics of propellant response functions: 
Propellants E and G 


Propellant 

Pressure, 
p, atm 

T 0 ,°C 




Property 


Re{f/ max } 

Vk/r 

(Onl 

0>nl 

Im{t/ max (-f)} 

Im{t/ maxM } 

E 

20 

-70 

1.58 

4.7 

4 

3.5 

0.37 

-0.71 



+20 

0.80 

3.6 

3 

2.5 

0.16 

-0.40 



+50 

1.87 

2.3 

2 

2.5 

0.59 

-1.01 


50 

-70 

0.89 

10.5 

4.5 

3 

0.04 

<-0.12 



+20 

1.01 

4 

3 

2.2 

0.13 

-0.37 



+50 

4.17 

1.9 

2 

2 

1.56 

-2.3 


100 

-70 

1.03 

— 

~5 

3.5 

0.01 

<-0.04 



+20 

1.27 

4.7 

3.5 

2.7 

0.14 

-0.37 



+50 

2.59 

2.4 

2.5 

2.4 

0.73 

-1.22 

G 

20 

-70 

0.81 

5.9 

4.5 

3.8 

0.13 

<-0.27 



+20 

0.71 

4.2 

3 

2.5 

0.09 

-0.27 



+50 

0.86 

3 

2.5 

2 

0.16 

-0.39 


50 

-70 

0.85 

5 

4 

3.8 

0.14 

-0.28 



+20 

0.82 

4 

3 

2.6 

0.11 

-0.27 



+50 

0.67 

6 

3 

2.4 

0.03 

<-0.13 


100 

-70 

1.41 

4 

3.5 

3.4 

0.38 

-0.61 



+20 

1.77 

2.6 

2.5 

2.6 

0.49 

-0.72 



+50 

5.55 

1.8 

2 

2 

3.28 

-4.33 



Fig. 6 Response functions of propellant A at 20 atm. 
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Fig. 7 Response functions of propellant B at 20 atm. 


Excluding the Ni catalyst from the propellants leads, as a rule, to an increase 
in Re(t/ max }, especially at elevated 7o (see data for propellant C in Table 8). 
Decreasing HMX particle size in the propellants without the Ni catalyst leads to 
a decrease in values of Re{f/ max } at elevated pressure and 7o and to an increase 
in values of Re{(/ max ) at 20 atm and low 7o (see data for propellant D in Table 
8). The values of Re{t/ max ) are about twice as high as the absolute values of 
Im{l/ raaX (_)}, and the absolute values of Im{f/ max( _)} are about twice as high as 



Fig. 8 Response functions of propellant A at 100 atm. 
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Fig. 9 Response functions of propellant B at 100 atm. 


those of Im{C/ max ( +) }. The investigated propellants of relatively low caloric power 
have, as a rule, decreasing Re{f/ max } with T 0 (note that propellant C is an exception). 

The formula Vk/r gives an adequate prediction for the values of co„i and co n2 . 
As a rule, the formula slightly overestimates the real resonance frequencies. The 
difference between co nl and co n2 is small, and the following relationship holds 
for these propellants: co„ \ > (o n2 . Figures 10-13 present typical dependencies of 
Re{(/ (to)} and Im{C/(w)} for the propellants of elevated caloric power, E and D. 
It can be seen that burning propellants E and G, as oscillating systems, have a 
very high quality: the variations in the response functions with frequency close 



Fig. 10 Response functions of propellant E at 20 atm. 
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Fig. 11 Response functions of propellant G at 20 atm. 


to the resonance frequency co n are very sharp. In this frequency region any small 
perturbations lead to a significant change in the response functions. 

Table 9 shows dimensionless characteristics of the response functions of pro- 
pellants E and G. It can be seen that increasing caloric power leads to signifi- 
cantly increased values of the propellant response functions, especially at 100 atm 
(up to 3-5.5). The addition of HMX decreases values of Re{I/ ma *}, but this de- 
crease is observed only at 20 and 50 atm (see data for propellant G in Table 9, 
in comparison with those for propellant E). In this pressure region, the values of 
Re{t/ max } practically do not depend on 7’ 0 . At 100 atm, on the contrary, the ad- 
dition of HMX increases the values of Re{t/ max }, and at this pressure, the values 
of Re{l/ max } increase with To. Especially quick growth of Re{£/ m ax) is observed 
here at To = 50°C. Like the case of the low-caloric power propellants, the formula 
Vk/r gives almost-adequate predictions of the resonance frequencies co„i and 
u> n 2 - As a rule, the formula slightly overestimates the real resonance frequencies 
of propellants E and G. The following relationship also holds here: u> n \ > co„ 2 . 


VI. Conclusions 

Pressure and temperature sensitivities of burning rates and burning surface tem- 
peratures, established for six modified double-base propellants and HMX, were 
used for calculations of burning-rate response functions to acoustic pulsations. All 
the propellants contained nitroglycerine and nitrosoamine; the latter was replaced 
in some propellants by HMX of different particle sizes. A theoretical expression for 
the burning-rate response function of HMX, having a liquid layer on the burning 
surface, was obtained and used for the calculations. Burning-rate response func- 
tions were found as a function of pulsation frequency at pressures of 10- 100 atm 
and at sample temperatures of from -80 to 100°C. It was shown that a liquid 
layer on the burning surface significantly decreases the amplitude of the HMX 
response functions. Also, including HMX in the modified double-base propellants 
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Fig. 12 Response functions of propellant £ at 100 atm. 


significantly decreases the amplitude of the propellant response functions. The di- 
mensionless characteristics of the response functions were described as functions 
of pressure and sample temperature. The influence of propellant content on the 
response functions was investigated. 

The following main features of the investigated response functions were found: 

( 1 ) Burning HMX has low response-function amplitudes. HMX, as an oscillating 
system, has a low quality: the response functions are relatively constant with 
frequency close to the resonance frequencies. 

(2) Normal double-base modified propellants have increased response-function 
amplitudes (relative to HMX). These propellants, as oscillating systems, have a 
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Fig. 13 Response functions of propellant G at 100 atm. 


high quality: the response functions vary significantly with frequency close to the 
resonance frequencies. 

(3) Double-base modified propellants with higher concentrations of nitroglyc- 
erine have high response amplitudes. These propellants, as oscillating systems, 
have a very high quality: the response functions vary dramatically with frequency 
close to the resonance frequencies. 

Future work should be devoted to using the methods developed in this work for 
investigations of combustion of new energetic materials. 
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Chapter 2.18 


Combustion of Aluminized Solid Propellants 

E. W. Price* and R. K. Sigman^ 

Georgia Institute of Technology, Atlanta, Georgia 


I. Introduction 

A LUMINUM is used as an ingredient in solid rocket propellants because of 
its high density, high heat release during oxidation, low cost, and relative 
safety — properties particularly desirable in ballistic missiles and boosters for space 
launch vehicles. Because most unaluminized propellants are already fuel rich, it 
would seem that addition of more fuel (aluminum) would be counterproductive, 
especially when the reaction product (AI2O3) is in a liquid state. However, the oxi- 
dation reduces the oxidizer vapors (H2O and C 0 2 ) to H2 and CO, better propulsive 
fluids. This, in combination with a large increase in temperature from oxidation 
of the aluminum, results in increases in specific impulse of around 10%, along 
with a net gain in propellant mass fraction in the motor of typically 15 %. Also, the 
addition of aluminum in even modest amounts suppresses combustion instability 
problems that are common in motor development programs. 

On the other hand, there are problems with use of aluminum, such as smoky, 
luminous exhaust trails; expected interference with telemetered flight data link and 
radar-beam guidance systems; contamination of launch sites with AI2O3; adverse 
effects on motor components in the extra-hot, two-phase flow; and potential for 
increased fire damage in the event of launch failure. In some motors accumulation 
of slag and emission in bursts have been problems. In spin-stabilized motors cen- 
trifugal force causes aluminum to linger on the burning surface (affecting burning 
rate and enhancing slag accumulation). Although the hotter two-phase flow is a 
more hostile environment for internal motor components, oxidative attack on com- 
ponents is reduced by the reduced oxidizing potential of the modified gas species 
present in the flow. 

For this study the most important aspect of aluminum as a propellant ingredi- 
ent comes from the fact that aluminum does not generally turn to a vapor at the 
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a) A1 particles concentrated in the binder b) Concentrated A1 particles on the 
melt burning surface of an AP particle 

Fig. 1 Quenched surface of AP/HTPB propellants with 18% aluminum (quenched 
from 1000 psi) showing. 


propellant burning surface like other primary ingredients, and its reaction or igni- 
tion on the surface is inhibited by refractory oxide coatings on the particle surfaces. 
The particles tend to adhere to the surface in binder melts, leading to concentrations 
there (concentrations are often observed on oxidizer surfaces as well) (Figs. 1 a and 
lb). The concentrations of typically 20- /zm particles can lead to coalescence into 
large droplets (e.g., typically 200 /xm, containing 10 3 original particles). Large 
droplets leave the burning surface and bum in the gas flowfield, whereas any orig- 
inal particles that leave the surface individually bum up within 1 or 2 mm of the 
surface (with a correspondingly greater effect on the propellant burning). In small 
motors the large droplets may not bum completely, which results in reduced spe- 
cific impulse. The whole concentration-agglomeration-ignition-buming sequence 
is dependent on a whole range of propellant formulation and combustion envi- 
ronment variables, such as the 1) size distribution of oxidizer particles, 2) size 
distribution and amount of aluminum particles, 3) kind of oxidizer and binder, 4) 
presence of ballistic modifiers such as Fe 2 C> 3 , 5) pressure and its effect on prox- 
imity of hot gas-phase flames to the surface, and 6) state of the gas flowfield seen 
by the combustion zone. 

In general, those mechanisms that decrease agglomeration increase burning rate, 
leading to a rule of thumb that higher burning rate causes reduced agglomeration. 
Another related issue is the effect of aluminum on propellant burning rate. Because 
the aluminum combustion usually occurs primarily outside the normal combustion 
zone, it does not enhance burning rate much. However, introduction of aluminum 
is at the expense of the oxidizer, and as a result it is difficult to determine an 
aluminum effect unambiguously. 

This chapter will be concerned primarily with behavior of aluminum in ammo- 
nium perchlorate-hydrocarbon binder (AP/HCB) propellants. Further information 
may be found in earlier reviews (e.g., Refs. 1-4). 
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II. History 

In the mid-1950s when the first experiments with aluminized propellants were 
made, most of the operational rockets were moderate-size tactical weapons with 
extruded double-base propellants, charges that were not amenable to addition of 
aluminum powder. However the age of slurry-mixed (AP/HCB) and solution-cast 
(double-base) and plastisol propellants in the United States was well started, and 
incorporating aluminum powder was no longer a major problem. However, noth- 
ing was known about how aluminum combustion would proceed. Thermochemical 
calculations were just beginning and suggested a potential for substantial perfor- 
mance gains, provided the actual combustion attained the thermochemical equi- 
librium. The first look at the combustion process was done by Waesche , 5 using 
high-speed photography of the burning of small samples with low aluminum con- 
centration. The first systematic computations of motor performance were done by 
Rumbel and Henderson . 6 There was some hesitancy in the early efforts in that 
era of tactical rockets because of foreseeable problems such as those just noted. 
Even the relatively large (for the time) Sergeant 7 and Hermes 8 motors used una- 
luminized propellants. However, all of the then-operating U.S. rocket laboratories 
and companies (Jet Propulsion Lab, Aerojet, ARC, Thiokol, Allegany Ballistics 
Lab, Naval Weapons Center, Naval Ordinance Laboratory — Indian Head, Redstone 
Arsenal, Ballistic Research Lab at Aberdeen) were interested in incorporation of 
the aluminum ingredient and started motor testing of aluminized propellants in 
progressively larger motors. 

In calculations of potential performance of intermediate-and long-range ballistic 
missiles (i.e., missiles with solid propellants), use of aluminum became a must if 
the missiles were to be of practical size . 9 By then the effect of suppression of com- 
bustion instability by aluminum had been established , 5, 10, 1 1 but anxieties remained 
that the unexplained magic of aluminum might not work in large motors . 12 This 
concern was soon justified in the development of the SUBROC missile, where a se- 
vere combustion instability problem had to be overcome . 13 The thermal problems 
were overcome by composite liner materials, graphite nozzle throats, and molybde- 
num jet deflectors for direction control. In such large (lower-stage) motors the resi- 
dence time of the aluminum in the combustion chamber was long enough for fairly 
complete aluminum combustion, but the high content of AI 2 O 3 in the combustion 
products (e.g., 35%) caused some undesirable and difficult to predict two-phase 
flow effects. Aluminum was also used in several tactical rockets in the early 1960s, 
but then a major effort was begun in the early 1970s to get rid of the aluminum 
because the exhaust plume visibility compromised the weapon effectiveness. 

In most cases the adoption of aluminum was accomplished without much knowl- 
edge about its detailed combustion behavior, but the threat of and encounters with 
combustion instability motivated relatively intense research starting in about 1958. 
This paper is concerned primarily with the results of such research. 


III. Aluminum 

Aluminum is unique among major propellant ingredients in several ways: 

1) It does not decompose to a vapor at the burning surface. Its boiling point is 
2467°C (pressure dependent). 

2) The usual temperature of propellant burning surfaces is around 600°C, 
60 deg below the 660°C melting point of aluminum. 
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3) The density is around 2.70 (specific gravity), 1.38 times that of AP and 
3 times that of typical hydrocarbon (HC) binders. 

4) The thermal conductivity is 0.503 cal/cm s°C , 486 times that of AP and 
1400 times that of typical HC binders. 

5) The heat capacity is 0.214 cal/g °C, 0.69 times that of AP and 0.46 times that 
of typical HC binders. 

6 ) The particle surfaces are coated with an impervious refractory coating of 
AI 2 O 3 (melting point 2072°C) that constitutes about 0.5% of the particle mass (for 
25 p m particles). 

7) Once the AI2O3 oxide coating is broken down, A 1 is extremely reactive in 
the combustion zone, but its rate is limited by its low vapor pressure (high boiling 
point). 

8 ) Under most conditions the preceding characteristics cause the aluminum in 
propellant flames to bum primarily as droplets in the hot gas-phase region in and 
beyond the usual combustion zone, although some oxidation can occur during the 
residence time on the burning surface. 

9) At high temperatures the droplets contain both aluminum and molten AI2O3, 
which tend to separate into lobes of the droplets because A 1 and AI 2 O 3 are insoluble. 

10) At temperatures between the aluminum and AI2O3 melting points, leaking 
of A1 from the oxide coating can lead to sintering in assemblages of particles, 
referred to here as sintered accumulates. Under progressively more extreme con- 
ditions, the leakage may be so great that the aluminum can engulf the assemblage. 
High aluminum surface tension causes the molten aluminum to produce spherical 
assemblages referred to here as agglomerates. 

1 1) Under the latter conditions in item 10, the exposure of the molten aluminum 
leads to formation of a hot droplet flame with rapid further rise in temperature. 
The aluminum flame temperature is around 3800°C. 

Most aluminum powder used in rocket propellants is manufactured by atom- 
ization of molten aluminum into a low-oxygen gas flow. The droplets become 
spherical if they do not freeze too quickly, an outcome that is controlled by pro- 
cess control variables, and differs among various suppliers. [Most powders used in 
propellants are not spherical (Fig. 2)]. While the droplets are cooling, oxidation of 
the droplet surfaces starts, and oxygen content in the gas flow must be low enough 
to avoid an aluminum fire. The oxide on the surface is solid. If formed before the 
aluminum solidifies, then it must experience some modifications during cooling 
because of the substantial shrinkage of the droplet (about 6 % by volume) dur- 
ing freezing. Further surface oxidation no doubt occurs during and after freezing, 
leading to an oxide skin that becomes impervious to further oxidation. The thin 
oxide coating constitutes around 0.5% of the particle mass (for 25 gm powder). 
The character of the oxide is dependent on the processing variables to a degree 
that affects the sintering and agglomeration in propellant combustion. This is not 
reflected in usual propellant ingredient specifications, but has been a problem in 
some major weapon systems because of dependence of combustor stability on the 
details of the sintering behavior in the combustion zone. 


IV. Thermal Response of Aluminum Powders 

When aluminum powders are heated in inert atmospheres, the individual par- 
ticles enlarge slightly because of thermal expansion. The coefficient of thermal 
expansion of the oxide skin is somewhat less so that it must be stressed. At the 



COMBUSTION OF ALUMINIZED SOLID PROPELLANTS 


667 



Fig. 2 Particles of aluminum powder widely used in rocket propellants. 


melting point of the aluminum, it expands in volume by around 6%, thereby pre- 
cipitously stressing the oxide skin further, and apparently causing cracks (Ref. 14) 
and opportunity for leaking of molten aluminum. Heating of A1 powders on a hot 
plate to 1025°C showed that A1 contact between particles causes the A1 to draw up 
into large agglomerates (Fig. 3, also Refs. 1 and 2), leaving behind empty oxide 
debris. When the tests were done in an oxygen-containing atmosphere, the array 
of particles showed no visible thermal response, but the particles were found to 
be sintered together. In another series of tests using special spherical aluminum 
particles scattered on a plate heated to 1400°C in air (Refs. 3, 14, and 15), some 
coalescence of contacting particles occurred, leaving empty oxide shells. Indi- 
vidual particles showed intensive surface wrinkling, which on close examination 



Fig. 3 Agglomeration of aluminum powder when heated abruptly to 1125°C in argon. 





668 


E. W. PRICE AND R. K. SIGMAN 



Fig. 4 Oxide skins on particles dropped on a 1400°C flame-heated plate: a) crack 
pattern with evidence of exuded aluminum oxidized in place and b) bridging between 
contacting particles. 


consisted of cracking of the oxide skin and ridges that reflected oxidation of exuded 
A1 at the cracks. Contacting particles that did not coalesce were sintered together 
(Fig. 4). The results indicate that A1 leakage from cracks apparently can lead 
to either oxidative sealing, interparticle sintering, or coalescence. Such behavior 
has not been studied systematically and presumably would depend on properties 
of the particles, oxidizing atmosphere, and rate of heat-up. References 15 and 
16 demonstrated that agglomeration (inert atmosphere) and sintering (oxidative 
atmosphere) behavior could be modified by heat treatment of the powders in oxi- 
dizing atmospheres that either 1) strengthened the oxide skin (prolonged heating 
at a temperature below the aluminum melting temperature. 15 ) or 2) prestretched 
the oxide skin by brief heating above the melting point in an atmosphere with low 
0 2 concentration. 16 

Note that the sintering oxidation necessarily releases heat, and in the propel- 
lant combustion zone this heat may contribute to propellant burning rate or at 
least compensate for the heat expended for heat-up and melting. However the 
heat-up in the combustion zone progresses rapidly to higher temperatures that 
lead to agglomeration and intense heat release, in a complex oxide-melting A1 
agglomeration-inflammation event. 

An interesting insight is gained into the sintering-agglomeration-ignition pro- 
cess of aluminum by burning samples prepared by dry pressing mixtures of AP 
and aluminum powders, e.g., Refs. 2, 16, and 17. At 1000 psi such samples bum 
at rates comparable to pure AP. High-speed photography of the combustion shows 
that the aluminum concentrates and sinters on the burning surface and ignites pri- 
marily as sections of the sintered layer break loose from the surface. It has been 
suggested that full ignition is not achieved until the oxide melting temperature 
is reached, but in a sintered structure it is probable that ignition occurs locally at 
favorable sites (possibly because of oxide breakage during detachment) and spreads 
through the sintered structure caused by heating from the already inflamed sites. 
Such spreading behavior is revealed in the combustion photography as a precursor 
to agglomerate formation. The most remarkable features of the AP/A1 pellet tests 
are 1) retention-concentration of A1 on the burning surface of AP, 2) sintering of 
the accumulated Al, 3) progressive inflammation leading to burning agglomerates 
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primarily during or after detachment from the surface; and 4) periodic repetition 
of this process . 317 

The foregoing gives some idea of physical processes that have been found 
to be important to explanation of aluminum behavior in propellant combustion. 
One further area of the overall behavior, somewhat more well studied (at least in 
laboratory conditions), is the actual burning of aluminum droplets. 


V. Droplet Burning 

Burning of aluminum agglomerates in the relevant propellant combustion envi- 
ronment is difficult to study because of the smoke obscuration and high pressure, 
but there have been many studies of the burning of single aluminum droplets in vari- 
ous gaseous environments. Some have been in gas burner flames (e.g., Refs. 1 8-20), 
but most have been in room-temperature, room-pressure environments . 21-25 In- 
creasingly more sophisticated analytical and computational models have been 
developed . 26-28 All describe steady burning of spherical droplets. Aside from rec- 
ognized complications caused by growth of a lobe of oxide on the droplet, the 
models and experiments indicate that the burning droplet is at a temperature close 
to the aluminum boiling point and that aluminum vapor reacts with the oxidizing 
atmosphere in a surrounding flame envelope. Reference 29 noted that an adia- 
batic reaction to AI 2 O 3 would lead to a temperature so high that the AI 2 O 3 would 
dissociate. In the diffusion flame droplets of A1 2 0 3 form by their ability to ra- 
diate energy, and the rate of formation and growth of droplets (and progress of 
reaction) is to some extent limited by the rate of this radiant dumping of excess 
energy (giving rise to the long recognized high luminosity of aluminum flames 
and pyrotechnics). When droplets burning in Ar/0 2 atmospheres are quenched 
by impingement on sampling surfaces, the smoke envelope is revealed, along 
with the parent droplet (Fig. 5a). Also evident [when other oxygen-containing 
atmospheres are used (Fig. 5b)] is an oxide lobe on the aluminum droplet 1-3 



a) Air b) 20/80 0 2 /Ar 

Fig. 5 Aluminum particles intercepted during burning by falling on a quench plate. 
The halo is oxide smoke (test in 1 atm, room-temperature gas). 
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indicative of accumulation of AI 2 O 3 by either surface reaction or by diffusion 
from the flame envelope (recent models consider both processes . 27,28 

The foregoing description of A1 droplet burning does not characterize the behav- 
ior either late in burning when the oxide lobe dominates the burning or when other 
atmospheres are used . 18-23 It is not intended to summarize the atmospheric effects 
here, but to point out further phenomena that occur: 1 ) spiraling trajectories of 
free-falling particles, 2) ejection of subsidiary droplets (or bubbles?), 3) fragmen- 
tation of the parent droplet into several smaller droplets, and 4) fading of the flame 
followed by one or more puffs (seen in streak photographs of free-falling droplets). 

In most cases these anomalies occur after an initial period of quiet burning and 
appear to result from increasing effect of the oxide late in burning when it becomes 
a major part of the droplet. The extent to which it is typical of burning A1 droplets 
and agglomerates in rocket motor-like environments is undetermined. From the 
practical viewpoint the anomalous behavior is of interest to rocket motors primarily 
to the extent that phenomenon 1 affects completeness of burning, phenomenon 
2 affects the size distribution of oxide droplets in the two-phase flow in the motor, 
and phenomena 3, 1, and 2 affect motors via heat transfer, slag formation, impulse 
loss, and damping of flow oscillations. 

Given the observed effect of gas environment in the single particle burning ex- 
periments, there remains some uncertainty about burning in rocket motors, where 
the droplets are more complex (agglomerates); the environment is hot, high pres- 
sure, and chemically complex; and the droplet is part of a convective, progressive 
group-burning environment. On the other hand, the single-particle studies provide 
essential insight into the distinctive burning of aluminum and origin of the oxide 
droplet population. They also provide data for a droplet burning-rate law, based 
on observations of burning time vs droplet diameter: 


h = A(D 2 /Ec,x,) 


where A is a constant (dependent on ambient temperature and pressure) and c, 
and X; are the constants and mole fractions for the individual oxidizing species, 
respectively . 20 The reference suggests values of c , for H 2 O, CO 2 , and O 2 of 0.533, 
0.135, and 1.00 based on studies of droplet burning at 1 atm. Burning times of 
0.5-2.5 ms are indicated for 20-/zm droplets and 60-200 ms for 200-/xm droplets, 
the shorter times corresponded to higher oxygen content in the combustion atmo- 
sphere. 


VI. Accumulation and Agglomeration 

When a particle of aluminum is reached by the propellant burning surface, it is 
usually not yet melted and is in a pyrolizing fuel environment, usually a binder 
melt (binder-dependent). The particle is not immediately carried away because it 
is temporarily stuck in the binder melt. It is not immediately ignited because of 
its fuel-rich environment and because it has a protective solid AI2O3 coating. In 
typical composite propellants the aluminum particles are small compared to the 
oxidizer particles and hence are concentrated in pockets between oxidizer particles. 
At those sites aluminum particles continue to emerge and collect on the receding 
surface (Fig. 6 ) until the changing environment or degree of concentration precip- 
itates ignition and/or detachment from the surface, either singly or collectively. 
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Some investigators attribute retention of aluminum on the surface to presence of a 
carbonaceous grid on the binder surface, 30 a convenient postulate that is possibly 
applicable with some binders. The issue of surface retention-concentration is an 
important one because the observation is made that the bulk of the concentration 
ends up in the gas phase as large droplets that contain 10-1000 or more original 
particles, with droplets referred to as agglomerates. As one might suspect, the size 
distribution of the agglomerates depends on 1) the structural features of the A1 
particle packing in the propellant, 2) the surface retention characteristics of the 
binder, 3) the susceptibility of individual particles to ignition, 4) possible connec- 
tive processes between concentrating particles that lead to group behavior, and 
5) evolution of underlying structure and hot overlying gas flamelets that lead to 
detachment-ignition events. These considerations are examined in some detail here 
because they affect the propellant burning rate, combustion efficiency, combustor 
stability, and two-phase flow effects. 


A. Particle Packing 

The stoichiometry of the AP/HCB system dictates that a maximum achievable 
content of AP be used consistent with required propellant processing and mechan- 
ical properties. To this end a coarse (e.g., 200 pm) AP portion is combined with 
finer particles selected to fill the spaces left in the coarse particle array. By careful 
blending of sizes (e.g., using trimodal particle size), formulations can be processed 
with 86-88% AP by weight, yielding cured propellants with acceptable mechan- 
ical properties. Such propellants are still somewhat fuel rich. When aluminum is 
added to the formulation, it is necessary to reduce the AP content to accommodate 
the aluminum. The A1 particle size is typically 10-30 pm, and a corresponding 
volume of fine AP is removed to make room for the Al. This leaves a very fuel- 
rich mixture (Al and binder, some AP) in between the coarse AP particles. Thus, 
the aluminum particles (Fig. 6) are preconcentrated in pockets in the coarse AP 
packing pattern, 1-3,30-34 pockets that are interconnected by bridges that may or 
may not contain Al particles depending on fineness of the Al particles. When high 
aluminum content is used, there is not much room left for fine AP. 

The foregoing description is oriented around the idea that there are pockets in 
the AP packing pattern where aluminum particles are already preconcentrated in 
the mix, pockets that would be occupied by fine AP if no aluminum were used. 
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However, combinations of AP and aluminum particles sizes can be chosen in which 
the preconcentrations of aluminum in the packing array are more tenuous and may 
or may not lead to agglomeration, depending on proximity of ignition sources above 
the surface (see this subject later). In addition, use of large aluminum particles (e.g., 
100 /x m) leads to sufficient distance between particles to minimize their interaction. 
The flexibility for choices is limited in practice by considerations of ingredient 
supply, propellant processing, product mechanical properties, and safety. 


B. Retention of Aluminum on the Burning Surface 

Once a particle is free of the surface, the vapors from the other pyrolyzing ingre- 
dients carry it away with the outward vapor flow. However, there is ample evidence 
that emergence of the particle is complicated by surface retention forces, leading 
to aluminum concentration on the surface. It seems reasonable to consider these 
mechanisms: 1 ) particle adhesion in a binder melt layer, 2 ) retention in a carbona- 
ceous surface structure, 3) direct adhesion (sintering) to underlying A1 particles, 
and 4) centrifugal force in spinning motors. Whatever the mechanism(s), it is evi- 
dent that there is a tendency for surface retention-accumulation for a wide variety of 
nonvolatile particulate materials (Fe 20 3 , Cr 2 0 3 , AI 2 O 3 , Al). The retention mech- 
anisms are matters of speculation because they are inaccessible to measurement. It 
is evident from interrupted burning samples (Fig. 1 ) that the binder melt is involved 
with many butadiene binders. The relative roles of the aforementioned mechanisms 
probably depend on type of binder, amount of Al, Al particle characteristics, and 
extent of fine AP or carbon powder in the Al-binder matrix. 


C. Susceptibility of Al Particles to Ignition 

Aluminum is an extremely reactive material in oxidizing atmospheres, but igni- 
tion is impeded by the refractory oxide skin until conditions are reached that cause 
the skin to break down. Temperatures at the propellant surface are typically 600°C, 
whereas the melting point of the oxide skin is around 2070°C. Unless an individ- 
ual particle emerges at a site where oxidizer vapors are present and high heat flow 
from a close-by hot oxidizer-binder vapor flamelet are present, the particle will not 
ignite. If it does ignite, its temperature will quickly become so high that residence 
on the surface will end. Other less favorably located particles tend to reside on the 
binder surface and to be joined by underlying particles (see Fig. 6 ). Such behav- 
ior is favored by low combustion pressure with correspondingly greater standoff 
distance of hot flamelets and also by coarse oxidizer size that reduces average 
proximity of Al to oxidizer vapor and heat sources. The presence of Al/binder- 
filled pockets gives rise to relatively large areas of concentration with relatively 
low extent of ignitions of individual particles. On the other hand, the extent of 
ignition via individual particles is enhanced if the AP and Al particle sizes are 
selected so that all Al particles are alone, i.e., surrounded by AP (no pockets). For 
practical reasons this usually can only be achieved by using relatively coarse Al 
particle size (i.e., 50-100 /u.m in typical AP propellants). An alternative strategy to 
facilitate ignition of Al particles incorporates enough fine AP in the formulation 
to provide particles in every major pocket, ensuring that most Al particles are near 
AP particles. This can lead to ignition of a relatively high portion of the Al parti- 
cles individually, but the effect is strongly pressure-dependent because small AP 
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particles fail to establish hot near-surface flamelets at low pressures. 32 Burning-rate 
catalysts (like Fe20 3 ) decrease the degree of agglomeration, probably by causing 
the hot flamelets to stand closer to the surface and facilitating aluminum ignition. 


D. Connective Processes Among Concentrating Particles 

When aluminum particles concentrate on the burning surface, they eventually 
establish contact with each other and are then seen to leave the surface as either 
agglomerates or sintered clusters that form agglomerates after they leave the burn- 
ing surface. Whatever the uncertainty about how the particles are restrained on 
the surface during concentration, there must then be connective processes that 
give rise to the observed group behavior. As concentration progresses on the 
surface, the uppermost particles presumably become hotter and become oxide 
shells containing molten aluminum. These are the conditions described earlier 
that give rise to sintering or agglomeration. Observations of sintered accumulates 
(e.g.. Fig. 7) indicate that there is enough oxidizer present to cause sintering, which 
is an exothermic process that probably progresses to involvement of emerging par- 
ticles, and apparently accounts for some of the oxide found in the agglomerates. 
In effect, the sintered accumulate is an energetic transitory state that progresses 
to an agglomerate on or above the surface depending on the evolution of its local 
chemical and thermal environment. 


E. Evolution of the Local Environment 

An accumulate typically originates from the preconcentration of aluminum in 
the pockets of the packing pattern. When such sites emerge at the burning surface, 
binder provides an adhesive surface and a nonoxidizing environment. Only parti- 
cles on the periphery of the pocket are exposed to oxidizing vapors and high heat 
flux from hot oxidizer-binder flamelets. 

As the surface regresses, the spatial distribution of the surroundings changes, 
and the oxidizer underlying the pocket eventually emerges. The accumulate is then 
connected to underlying binder and aluminum only in the their interfacial structures 



Fig. 7 Sintered accumulate, quenched while in transition to an agglomerate (note 
spherical structural features where coalescence of liquid aluminum has started) (from 
Ref. 2). 
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between pockets, and the accumulate is progressively exposed to an environment 
of oxidizing vapors and hot oxidizer-binder flamelets. One might expect that an 
accumulate that has survived to this point would ignite or at least leave the surface. 
This seems to be the most probable outcome, resulting in a detaching accumulate if 
the ignition conditions are poor, or a detaching agglomerate if ignition conditions 
are good. However, this is not always the case. 

Under unfavorable ignition conditions, the pocket accumulates do not leave 
the surface after pocket burnout. Some times accumulates are found on the sur- 
faces of AP particles (quenched sample. Fig. lb). Sometimes larger agglomerates 
occur, indicative of interpocket connections. This behavior is evident at low pres- 
sure, where the hot oxidizer-binder flamelets either occur further from the sur- 
face or fail to be established and are replaced by a more distant premixed flame. 
Such behavior was illustrated in Ref. 32 by tests on formulations with bimodal oxi- 
dizer size distributions, in which the coarse particle packing resulted in pockets that 
typically contained binder, aluminum, and one intermediate size AP particle. Such 
formulations lead to large agglomerates at low pressure and small agglomerates at 
high pressure (Fig. 8). The transition pressure was attributed to the establishment of 
local oxidizer-binder flamelets on the smaller AP particles, which, at higher pres- 
sures, precipitated ignition of the pocket aluminum before the complete pocket 
sintering. Viewed in a more general sense, these results indicate the importance of 
the evolution and proximity of the array of hot O/F flamelets near the developing 
accumulates, which can control the aluminum ignition. 16,32 ' 35 


F. Formation of Agglomerates 

As described in Refs. 1-3, 15, 16, 30-32, and 34-36, accumulates lead to 
agglomerates by a complex process involving local thermal breakdown of the 



Fig. 8 Effect of pressure on mass-average agglomerate size for bimodal propel- 
lants with coarse/fine AP of ratio 8/2. Coarse size 390 nm, line size as indicated (from 
Ref. 32). 
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Fig. 9 Agglomerate quenched before complete transition to a molten droplet. Alu- 
minum surface tension had drawn the accumulate into a sphere, but not yet closed the 
surface. Unmelted oxide shells of original particles are still visible in openings (from 
Refs. 2 and 16). 


protective oxide and progressive inflammation from such local sites. One can 
only speculate about the initial thermal breakdown, which no doubt starts with 
cracking of the oxide as described earlier, accompanied leakage and oxidation 
of aluminum. In the presence of local hot O/F flamelets, this exothermic process 
goes beyond sintering and probably becomes self-sustaining, spreading through 
the whole accumulate. The rapid spread very likely involves progressive melting 
of the oxide structure. This ensures that the molten aluminum will coalesce locally 
into a burning droplet site (Fig. 7). The resulting heat release further hastens the 
meltdown of the whole accumulate. Because of the very high surface tension of 
molten aluminum, it apparently draws up into a single droplet even before all of 
the oxide shells are melted (Fig. 9), leading to oxide in the interior of the droplet, 
in addition to the familiar oxide lobe on the agglomerate (Fig 10). At this point the 
accumulate has become a very complex burning droplet. The transition is re- 
vealed in high-speed cinemicrophotography (illustrated in Fig. 1 1), which is one 
frame from the motion picture. The figure shows an accumulate that has developed 



Fig. 10 Agglomerate quenched early in burning showing large aluminum droplet 
and two small oxide lobes (denoted by L). 
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Fig. 11 Formation of an agglomerate from a sintered accumulate. One frame of a 
high-speed (4000 f/s) cinemicrograph of a burning surface (external illumination). In 
the movie an edge of an accumulate is seen to rise from the surface, and the whole 
accumulate draws up into a burning agglomerate. In the frame shown here the ac- 
cumulate has formed a clump with a burning aluminum droplet near the top. Later 
frames show the clump being engulfed into a single agglomerate leaving the surface. 
Field of view is 1 mm high. 


burning droplet sites with their typical smoke-oxide plumes. The word inflamma- 
tion seems preferable to the word ignition for accumulates because of the complex 
progressive and propagative nature of the event in the accumulate. 

The inner details of the formation of accumulates and their transformation to 
agglomerates may seem to be incidental in the overall picture of propellant com- 
bustion. However, they are important to understanding and controlling the nature 
and size distribution of the burning aluminum and the oxide droplets in the flow- 
field, to understanding the energy balance that controls burning rate, and to un- 
derstanding the potential for effect on combustor stability. In addition, knowledge 
of the accumulation-agglomeration process holds the key to its modification by 
change of formulation or by modification of the ingredient aluminum powder. In 
Ref. 34 some reduction in agglomeration was reported with aluminum particles 
that were coated with nickel and with fluorine-containing polymers. In other re- 
ports agglomeration seemed to be almost eliminated (Fig. 12, Refs. 15, 16, and 
37) with preoxidized aluminum having 100% enhanced oxide skin on the particles 
(achieved by heating the powder in an oxygen-containing atmosphere). In the first 
case agglomeration was thought to be reduced by earlier ignition of the aluminum, 
whereas the enhanced oxide method was thought to work by reducing sintering. 


VII. Burning Aluminum Agglomerates 

The nature and burning behavior of agglomerates are difficult to observe at 
relevant pressures in the propellant combustion environment because of obscu- 
ration by the AI 2 O 3 smoke cloud. High-speed photography is effective near the 
burning surface where there is less smoke, and it is convected away ahead of 
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Fig. 12 Frames from a motion picture illustrating the effect of modification of the 
aluminum powder: on the top is as-received aluminum; on the bottom is preoxidized 
aluminum (from Ref. 16). Field of view 1 mm high. 


the slower moving agglomerates (Fig. 13). Further out in the flow the fine oxide 
smoke obscures the agglomerates, but the condensed material can be captured in 
flight by impingement on collection plates or liquid surfaces or by rapid admix- 
ture of cold nonreactive gases. In these methods the intention is that burning will 
be quenched at some describable distance from the propellant surface and that 
some or all of the particles will be recovered for studies of their nature and size 
distribution. Usually the fine oxide smoke is separated out and discarded, using 



Fig. 13 Agglomerate burning near the surface where smoke obscuration is minimal. 
Field of view is 1 x 1.5 mm. 
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Fig. 14 Cleaved surface of a fully developed agglomerate (quenched in ethanol) (from 
Ref. 16). 


filtering or sedimentation separation methods. Individual agglomerate particles 
are microtomed and/or broken and examined in scanning electron microscopes or 
acid etched to remove aluminum and reveal oxide structures (Figs. 14 and 15). 
Bulk samples are analyzed for aluminum and oxide content (by weighing before 
and after treatment to dissolve the aluminum). By comparing aluminum content 
and oxide content with the original aluminum content in the propellant sample, 
the percent of unbumed aluminum and the proportion of oxide that is involved in 
the agglomerate (i.e., nonsmoke oxide) can be determined (Figs. 16 and 1 7). Bulk 
samples are also analyzed for size distribution, and the results are sometimes com- 
pared with initial size distributions determined from combustion photography. By 
repeating quench collection tests at different distances from the propellant surface, 
the combustion history of the agglomerates can be reconstructed. 



Fig. 15 Fully developed agglomerate, quenched early in its burning in ethanol and 
acid etched to remove free aluminum. The other structures are believed to be remnants 
of the preagglomeration oxide films, engulfed during agglomeration, melted, but still 
suspended in the aluminum droplet (from Ref. 16). 
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Fig. 16 Mass size distribution of agglomerates at four different quench distances 
(Thiokol propellant 1780-1, 0.7 MPa test, ethanol pool impingement test). Ordinate 
scale is mass per micron per initial aluminum mass (from Ref. 16). 


Tests of the type just described are very time consuming, and sometimes sub- 
ject to deceptive results because of poor simulation of rocket motor conditions 
(associated with small size of the samples) and imprecise establishment of quench 
distances (different for different quench methods). However the results reveal 
plausible trends with quench distance and qualitative looks at the effects of vari- 
ations in propellant formulation and combustion conditions . 16,34>36,38_40 Because 
of the large number of formulation and test variables of interest and the strong 
dependence of aluminum behavior of the variables, it is not safe to make broad 



Fig. 17 Mass size distribution of agglomerates at four different quench distances 
(Thiokol propellant 1780-1, 0.7 MPa test, ethanol pool impingement test) (from 
Ref. 16). 
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Fig. 18 Mass fraction of final A 2 0 3 that is in residual oxide form (nonsmoke) vs 
quench distance (from Ref. 16). 

generalizations regarding effect of variables (some are ventured later, but should 
be regarded as fallible). Some test results from Ref. 16 are shown next to illustrate 
by example the kind of data just mentioned. 

The size distributions of agglomerates at four quench distances are shown in 
Fig. 16 (the agglomerates contain aluminum and oxide). Figure 17 shows the mass 
fraction of original aluminum remaining as a function of quench distance. Note 
that the initial combustion rate of the aluminum is very high in this example, in- 
dicating that much of the aluminum was not agglomerated. Another factor is the 
low velocity of agglomerates near the surface, with a relatively long time for ag- 
glomerate burning before reaching the lower quench distances. Figure 18 shows 
the mass fraction of residual oxide vs quench distance (determined by weigh- 
ing the sample residue after acid solution removal of the unreacted aluminum). 
The propellants in these tests were 18% aluminum and approximately 12.5% 
butadiene binder (PBAN and HTPB). The downward combustion plume was con- 
tained by a quartz tube and quenched by impingement on an ethanol pool. Figure 8 
showed mass-average agglomerate size based on combustion photography of the 
near-surface agglomerates. 

It is the combination of results such as those just described that holds the potential 
for reconstruction of the combustion history of the droplet plume and its relation to 
the surface processes and propellant formulations. Given the high cost and time for 
such tests and the almost limitless combinations of formulations and combustion 
environment variables, it seems preferable to use the methods to test mechanistic 
concepts that have potential for applicability over a wide range of variables. For 
example, some of the mechanistic issues that need clarification are the following: 

1) What are the mechanisms for retention of aluminum particles on the burning 
surface and mechanisms for the adhesion of concentrating particles that are a 
necessary precursor to transition to agglomerates? Conversely, what conditions 
lead to particle separation individually, with or without ignition? 
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2) What conditions in the combustion zone finally precipitate inflammation of 
sites on accumulates, and how does the inflammation spread through the accumu- 
late? 

3) How much aluminum oxidation occurs before agglomeration and surface 
detachment occur? 

4) How fast do agglomerates bum? 

5) How much oxide do agglomerates acquire during burning? 

6) Do agglomerates fragment later in burning, and if so, why? 

7) What is the nature of residual oxide droplets, those remnants of the final 
burnout phase of agglomerates? 

Although the answers to these questions may be dependent on that dreaded 
myriad of formulation and combustion environment variables, the answers can 
have broader application than the raw data. What is needed are clever experiments 
to answer the mechanistic questions. 


VIII. AI2O3 Product Population 

As noted earlier, the presence of the large AI2O3 droplet portion in the combustor 
flow is important to combustor stability, 41-45 erosion of motor components, slag 
formation, etc. All of these effects are dependent on the size of the oxide droplets, 
which in turn is dependent on the aluminum agglomeration-combustion process. 
This has been the motivation for much of the research described here. 

Quench-collection tests that provide a long plume prior to quench (e.g., 50 cm or 
more) yield only AI2O3 particles. The majority of the particles are smoke oxide with 
mass-average particle size around 1 .0-1 .5 /zm, which is important for damping 
high-frequency instabilities, but not otherwise important in the interior of the motor 
and not as dependent on formulation variables as the residual oxide population. 
In most quench collection tests the smoke oxide is removed, and the properties of 
the residual oxide population are determined (weight, size distribution). Figure 19 
shows a photograph of a sample of residual oxide particles. As noted in Ref. 43, 



Fig. 19 Example of residual oxide particles. 
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Fig. 20 Example of burn-out residual oxide size distribution (from Ref. 43). 

great care is required to get good size distribution measurements when a wide size 
range (e.g., 2-100 /u.m) is present. 

It is reasonable to expect that the population will contain burn-out residuals 
from 1) A1 particles that did not agglomerate, 2) intermediate and pocket-size 
agglomerates, 3) large interpocket agglomerates, and 4) smaller products from 
agglomerate-fragmentation events. Care must be exercised to assure that the largest 
particles are not incompletely reacted agglomerates. 

Because of the strong dependence of agglomerate size on propellant formulation 
and test conditions, the reported oxide size distributions in the literature are diverse. 
Total mass fractions (residual oxide/total oxide) range from 0.05 to 0.20. Two 
examples of measured mass size distribution are shown in Fig. 20 (from Ref. 43) 
and Fig. 21 (from Ref. 44). From the practical viewpoint a mean size of 10-25 /rm 


Particle Size Distribution 



Fig. 21 Example of burn-out residual oxide distribution (from Ref. 44). 
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would be ideal for stabilizing combustor instabilities in the 200-400 Hz range. 
From the standpoint of minimizing erosion or slagging of motor components or of 
two-phase flow losses, residual oxides of all sizes are unwanted. Curiously enough, 
theoretical computations of slag accumulation usually employ assumptions of 
mass-average residual oxide droplets in the vicinity of 100 gm (e.g., Ref. 45) in 
order to get agreement with observed slag accumulations. It is too early to critique 
available results because of the diversity of test methods and propellants used, but 
most sources report mass average of residual oxide particle sizes in the 20-60 gm 
range (for AP composite propellants with 18% aluminum). Smaller sizes result 
from the pretreated aluminum mentioned earlier. 

IX. Conclusions 

If the typical aluminum particles that are used in propellants simply ignited in- 
dividually and burned as they flowed away with the vapors of the other ingredients, 
there would not be much interest in the combustion (except possibly for its effect 
on propellant burning rate). Combustion efficiency would be high; there would be 
plenty of fine oxide droplets to damp high-frequency instabilities, and the larger 
residual oxide droplets would be near optimum size to damp lower- frequency ax- 
ial mode instabilities. All oxide droplets would be small enough to ensure low 
two-phase flow losses, component erosion, and slag accumulation. Unfortunately 
that is not the way aluminum usually behaves (see exception, Fig. 12). Instead alu- 
minum concentrates on the burning surface and forms slow-burning agglomerates 
that aggravate those unwanted effects just noted. So a large part of the research 
has been aimed at understanding and changing the accumulation-agglomeration 
behavior, which has proven to be very complex and strongly dependent on a host of 
propellant and combustion environment variables — so many variables that there is 
no prospect of mapping out all of their combined effects. For example, changing to 
smaller aluminum particles does not consistently lead to smaller agglomerates be- 
cause it depends on kind of binder, % Al, AP particle size distribution, pressure, etc. 

Collected results to date, for all of their diversity, suggest that the following 
generalizations have wide applicability for AP/HCB propellants: 

1) Large agglomerates result in large residual oxide droplets. 

2) High aluminum content in the propellant leads to large agglomerates. 

3) Factors that increase burning rate (high pressure, burning-rate catalysts) re- 
duce the amount and size of agglomerates. 

4) Ingredient particle-size distributions that yield large concentrations of alu- 
minum in the propellant particle-packing pattern give large agglomerates. 

5) Use of burning-rate suppressants (and binders?) that produce increased melts 
or carbonaceous residue on the burning surface usually lead to increased agglom- 
eration and agglomerate size. 

6) Modification of the aluminum particles (e.g., preoxidation or prestretching 
the oxide skin in such a way as to minimize interparticle sintering) reduces ag- 
glomeration, as do certain particle coatings that aid ignition. 

7) Crossflow environments tend to decrease agglomeration (Ref. 46, and Fig. 22 
from Ref. 47). 

These generalizations all have mechanistic bases noted in the text of this paper 
for AP/HCB propellants. Mechanisms and methods that deserve further evaluation 
(quantification?) and exploitation include the following: 

1) Determine the role of agglomerate fragmentation in determining size of 
residual oxide droplets. 
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Fig. 22 Comparison of residual oxide particle size for end-burning sample and 
internal-burning tubular samples of length | , | , and 1 1 in. Abscissa is ratio of burning 
surface area to flow channel cross-sectional area (ANB3066 propellant) (see Ref. 47 
for details). 

2) Give a systematic evaluation of conditions for binder melts (melting tem- 
perature viscosity, decomposition temperature, and residue formation) for binders 
with widely different thermal response characteristics. Then compare their particle 
retention behavior in the combustion zone (several methods). 

3) Learn more about sintering of aluminum particles and modification of sin- 
tering behavior and evaluate in propellant tests. Then exploit the results to provide 
low sintering aluminum powders and establish specifications and evaluation tests 
for acceptance of powder lots used in propellant production. 

4) Look for aids to the ignition of aluminum in the propellant combustion 
zone. 

5) Extend propellant studies to include the effect of steady crossflow and oscillat- 
ing pressure and crossflow (effects on aluminum accumulation and inflammation 
agglomeration). 

The mechanistic aspects involved in the preceding can usually be investigated 
more definitively and with lower costs using nonpropellant environments (thermal 
response tests), and then validated selectively in propellant tests. The propellant 
tests will be more decisive if multiple methods of observation are used (combus- 
tion photography, propellant extinguishment tests, plume-quench-collection tests, 
and some imagination about new methods). However the biggest need is for coor- 
dination of the efforts of different investigators to establish a means for comparing 
results and at the same time covering the combinations of variables of practical or 
fundamental importance. 
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I. Introduction 

D URING the last decade, there has been renewed interest in the combustion 
of propellants and explosives. The driving force behind this renewed inter- 
est has come, in part, from two emerging areas of energetic materials. The first 
is the development of fluorine- and oxygen-rich energetic crystals and polymers, 
which offer high energy densities, and the second is the development of environ- 
mentally friendly energetic materials, which are expected to be less polluting and 
recyclable. 1 

Figure 1 illustrates two recently synthesized energetic oxidizers, a polycyclic 
nitramine, HexaNitroHexaAzalsoWurtzitane (HNIW), and a geminal difluoroami- 
nated analogue of RDX (RNFX). One polymorph of HNIW is the densest and most 
energetic explosive known. The high density of HNIW is due to the unusually high 
number and types of cyclic rings in its molecular structure. The geminal difluo- 
roamine group of RNFX is not only dense but rich in fluorine and is the functional 
group of choice for substitution into polycyclic analogues of HMX and HNIW. 1 

The possibility of producing both oxygenated and fluorinated decomposition 
products from the combustion and detonation of propellants and explosives has 
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Fig. 1 Two potential energetic oxidizers: HexaNitroHexaAzalsoWurtzitane (HNIW) 
and a geminal difluoroaminated analogue of RDX (RNFX). 


also renewed interest in particulate metal combustion. Fluorinated compounds 
have already been shown to affect particulate metal ignition delays, bum rates, 
final product speciation, and overall energetics of several metals . 2 ’ 7 Thus, the 
question of considerable interest to propellant designers is whether propellant 
decomposition products can be tailored to control the ignition delays/bum times 
of metal particles and agglomerates and the number density/size distributions of 
final condensed phase products, thereby improving energy release, plume signature 
characteristics, and motor stability. By lowering metal ignition temperatures, the 
addition of fluorine as an element in propellant ingredients may also enable control 
of particle agglomeration at propellant surfaces. 

As part of an effort to investigate the effects of fluorinated compounds on 
metal combustion, we have been applying modem experimental and numerical 
techniques to study the detailed flame structure of particulate metal combustion. 
The experimental measurements include radial distributions of gas-phase species, 
condensed-phase elements, and temperature about burning particles. The data from 
these measurements supplement more traditional engineering data, such as igni- 
tion delays and bum rates, and enable additional understanding of metal igni- 
tion and combustion processes and provide fundamental information for model 
construction and validation. The importance of detailed numerical models lies 
in their potential for predicting combustion characteristics under conditions too 
costly or too difficult to study experimentally and in their use as benchmarks for 
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developing simplified metal combustion submodels for use in multidimensional 
engineering systems calculations. 

Although we are interested in several metal additives including boron, mag- 
nesium, and hafnium, this study is devoted to aluminum particle combustion. A 
number of excellent reviews on aluminum particle combustion as propellant in- 
gredients and as isolated particles may be found in the literature, with the most 
recent by Price and Sigman in the current volume. 8-11 

Aluminum melts at 933 K and does not have appreciable vapor pressures until 
heated close to its boiling point of 2750 K. The melting temperature closely cor- 
responds to temperatures normally present on propellant burning surfaces. When 
nascent surfaces are exposed to ambient air, a surface oxide film 4-5 nm thick 
forms due to the high reactivity of aluminum. 12 The oxide layer, which forms in 
the atomization process used for particle manufacturing, is thicker, but signifi- 
cantly below 1 pm. 9 Protected by their oxide layer, the aluminum particles are 
heated with the surrounding oxidizer and binder when approached by a regressing 
propellant burning surface. Subject to interfacial, thermophoretic, and convective 
drag forces, the emerging particles usually stick to the complex burning propellant 
surface. Although conditions vary with propellant formulation, mass loading, and 
size of the ingredient particles, the surface-attached liquid particles are typically 
joined by other emerging particles and grow either by adhesion or by cohesion 
into large drops of interconnected particles. Eventually, the resulting agglomer- 
ate structures, which can be composed of as many as 10 6 ingredient aluminum 
particles, 9 melt down and ignite, either on or after leaving the particle surface. 
The agglomerate particles experience much of their burning detached from the 
surface in the equilibrium products of other propellant ingredients, while carried 
by the flowing gases at a speed of up to 100 m/s through much of the combustor 
volume. 13 The gaseous postpropellant flame environment is at a temperature of 
approximately 2300 K and is composed primarily of H 2 O, CO 2 , CO, N 2 , and pos- 
sibly HC1. The details of particle combustion in practical propellant environments 
are difficult to observe because of high particle velocities and obscuration of the 
field of view due to aluminum oxide smoke. It appears, however, that aluminum 
particles bum with a complex detached envelope flame, in which a bimodal dis- 
tribution of oxide particles is formed. Typically, 70-95% of the metal oxide mass 
ends up in particles with diameters of less than 2 gm. The remaining oxide par- 
ticles, which possess diameters in the range of 2-100 pm, are believed to result 
from accumulation of oxide layers or lobes on the particle surface during combus- 
tion and incomplete particle burnout. 14 The size distribution of the oxide residual 
particles has been studied extensively, as it is closely linked to the combustion ef- 
ficiency, combustor stability, nozzle erosion, nozzle efficiency, and exhaust plume 
signatures. 

Figure 2 illustrates the combustion process of aluminum particles in propellant 
environments. 15 In Fig. 2a, primary particles are shown to accumulate at a propel- 
lant surface and typically leave as agglomerates with diameters of between 1 00 
and 200 pm. The propellant was a NASA space shuttle booster propellant (SBP) 
containing AP, PBAN, and Al, and therefore, HC1 was present as a combustion 
product. In Fig. 2b, an isolated agglomerate is observed to bum with a detached 
flame zone having an elongated tail and a surface oxide lobe. Here the propel- 
lant was a research aluminized nitramine propellant (ANP with 5-pm Al), which 
had no AP and therefore no chlorine compounds in the flame. Most agglomerates 
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flow direction 


b) 


Fig. 2 Aluminum particle combustion: a) image from a small sample of the space 
shuttle propellant and b) magnified video image from a small sample of a nitramine- 
based propellant. 


do not bum this symmetrically due to influences of the oxide cap, complex fluid 
dynamics, and interacting multiagglomerates. 

It is clear from the foregoing discussion that aluminum particulate combustion 
in solid propellants is an exceedingly complex phenomenon. There is no doubt 
that the most relevant of empirical experiments would be those conducted in the 
gas-phase products from an actual solid propellant flame. Due to the complexity of 
these environments, however, it is difficult to isolate the individual effects of various 
oxidizing species on flame structure and particle regression rates. In addition, there 
are severe experimental limitations associated with object obscuration, limited 
access, and fast-moving targets in propellant-type experiments. Motivated by these 
difficulties, a variety of well-controlled bench-top particle combustion experiments 
has been developed, from which the majority of current macroscopic knowledge 
of aluminum particle combustion has been obtained. 


A. Isolated Aluminum Particle Combustion Experiments 

The majority of the present knowledge of aluminum particle combustion has 
been obtained from ignition and combustion of single aluminum particles, foils, or 
wires, in well-controlled environments. Ignition has been achieved by laser pulse 
heating of suspended particles, 1 6-19 by flash heating of freely falling particles, 19 and 
by microarc heating, 22 in which particles are simultaneously formed and ignited. 
Such experiments provide for photographic and quenched sample studies and thus 
permit monitoring of 1) the instantaneous particle size (burning rate), 2) the extent 
of the flame zone as macroscopic evidence of the effect of the oxidizing atmosphere 
and pressure, 3) the distribution and size of product oxide from quenching plate 
deposits, and 4) time-resolved flame luminosity for characterization of the burning 
history. Much useful information, particularly with regard to the particle ignition 
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process, has also been obtained from isolated particle combustion experiments in 
hot gases 23-25 and from bulk aluminum combustion in counterflowing oxidizer 
environments. 26 

Collectively, these experiments show that there is a relationship between the 
melting point of aluminum oxide and the particle ignition temperature, indicating 
that the oxide film enclosing the aluminum particle loses its protective properties 
upon melting. Particle ignition is followed by self-sustained combustion, where 
gaseous aluminum, supplied from a vaporizing aluminum droplet near its boiling 
point, reacts and forms liquid aluminum oxide particles in a detached flame zone 
that is located at a distance of 1 .5^1 droplet radii from the particle surface. The 
size of the luminous flame envelope was found to be strongly dependent on the 
type and concentration of the oxidizing agent. The average burning rate is roughly 
correlated by d n = d{] — fit , with 1 .5 < n < 2, indicating that diffusional as well as 
surface processes are rate controlling. In the above correlation, do denotes the initial 
particle size, fi is the burning-rate coefficient, and n the burning-rate exponent. 
A burning-rate exponent of n = 1 would be expected for kinetically controlled 
processes, whereas n = 2 would result from entirely diffusion-limited processes. 

The pressure dependence on the mass burning rate of single particles was mea- 
sured recently by Marion et al. 27 They found an increase in burning rate from 1 to 
7 atm and a nearly independent rate above 7 atm. The accumulation of oxide on the 
aluminum particle surface was observed by many researchers 28-31 and in a variety 
of combustion situations. Considerable uncertainty exists as to the formation of 
surface oxide; the proposed mechanisms include surface reactions, suboxide con- 
densation, radial diffusion of flame-generated oxide particles, and convection of 
flame-generated oxide particles into a recirculating wake. In most cases, the oxide 
was found to retract to a lobe, causing considerable asymmetry in the combustion 
event. Depending on the chemical environment, a variety of phenomena such as 
relatively large bubbles on the droplet surface, puffing, spinning, sudden changes 
in particle trajectories, and violent fragmentation was observed. 

The fragmentary burning behavior, as characterized by sudden ejection of 
smaller particles, has received considerable attention over the years, as secondary 
dispersion greatly enhances the particle combustion efficiency and changes the size 
distribution of the product oxide population. From the available literature, frag- 
mentation appears to be favored with increasing free oxygen content and when 
nitrogen species are present in the combustion environment. There are almost as 
many theories on the phenomena as there are experiments. Fragmentation has been 
attributed to the presence of oxides, oxynitrides, or Al-O-C complexes on the par- 
ticle surface, to dissolution of hydrogen and oxygen into the molten droplet, and 
to local superheating of molten aluminum. Mechanistic knowledge of the oxida- 
tion process is required to investigate further such subtle, but important details of 
aluminum particle combustion. 


B. Modeling of Single-Aluminum Particle Combustion 

Several analytical and numerical models have been developed to gain in-depth 
understanding of aluminum particle combustion. One of the earliest models was de- 
veloped in close relationship with familiar analytical hydrocarbon droplet models 
by Brzustowski and Glassman. 32 They assumed that aluminum bums as a vapor- 
phase diffusion flame because of the lower boiling point for Al, compared to the 
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final product AI 2 O 3 . Fuel and oxidizer were allowed to react in stoichiometric 
proportions and infinitely fast within a thin flame sheet, assuming that diffusional 
processes limit the rate of combustion. Recognizing that the flame temperature 
is exclusively dependent on the metal oxide volatilization , 33-36 Brzustowski and 
Glassman 32 constrained the maximum gas-phase temperature to the decomposi- 
tion temperature (boiling point) of the metal oxide. The combustion of aluminum 
particles has been found to occur similarly to liquid fuel droplet combustion. In the 
absence of any rate-limiting chemical processes, the model resulted in a “ d 2 law” 
(n = 2 ) for combustion, which closely correlates with some of the experimentally 
measured burning rates . 19 

There have since been numerous refinements of the original metal combustion 
model, all of which invoked the thin flame sheet or a thin condensation sheet 
assumption. For example, Law 37 allowed for diffusion of dissociated products 
from the flame sheet to the particle surface in his analytic model. Heat released 
from suboxide condensation on the particle surface contributed to the rate of fuel 
vaporization and to the value of the mass burning-rate coefficient. Law 37 later 
included an extended oxide condensation zone, whereby the outer edge of the flame 
gained substantially in size. The model by Brooks and Beckstead 39 accounts for 
the accumulation of surface oxide as an inhibition to surface processes. The various 
models appear to predict qualitatively the previously measured global parameters 
of aluminum particle combustion, such as the mass burning rate and flame standoff 
distances. The aluminum particle burning rate coefficient was found to be a strong 
function of the oxidizer and its concentration but independent of pressure. 

In contrast to the analytical models above, King 40 developed a numerical model, 
in which rate data have been used for the reaction Al(g) -I- CO 2 — > AlO + CO. 
Aluminum monoxide produced from this reaction was permitted to react infinitely 
fast with the nascent liquid aluminum surface to form AI 2 O. Aluminum oxide con- 
densation was assumed to occur exclusively in a thin flame sheet, whose location 
was determined by specification of a condensation temperature. Depending on the 
ambient condition, the burning-rate exponent was predicted to range from 1.35 to 
1.9. Thus, King’s numerical results indicate that the combustion process may be 
partially kinetically controlled. It should be noted, however, that although the thin 
flame sheet assumption has been relaxed, and rate data for one of the elementary 
reactions have been used, the formation of the condensed-phase AI2O3 was per- 
mitted within a thin condensation sheet only. While the model of King constitutes 
a valuable contribution to the capture of true aluminum oxidation characteristics, 
it is likely limited by the omission of other important elementary reaction steps. 
In fact, it is the lack of kinetic rate data on gas-phase and heterogeneous reactions, 
and the lack of experimental data on species and temperature fields (needed for 
comparison and calibration), that inhibits the development of comprehensive nu- 
merical models that are capable of predicting burning rates over a wide range of 
chemical environments and pressures. 

In summary, previous studies have accumulated a very respectable body of 
knowledge on the macroscopic burning behavior of particulate aluminum. Critical 
to understanding the combustion process of solid propellants and to the design 
of rocket motors has been the combination of fundamental studies on isolated 
aluminum particles burning in well-controlled environments with more complex 
studies on aluminized propellants. However, due to the lack of understanding of 
many underlying elementary processes, a comprehensive model for aluminum 
particle combustion has not yet emerged. As a result, much of the experimental 
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information remains unconnected and is difficult to utilize for the development of 
new energetic propellant formulations. 

In this chapter we review and present new results on the flame structure of 
isolated aluminum particles burning in quiescent environments. The measure- 
ments, conducted at between approximately 1- and 3-atm pressure, consist of both 
gas-phase species and condensed-phase elemental profiles as a function of radial 
distance from the burning particle surface. Condensed-phase elemental analyses 
are performed on bum-interrupted, quenched particles using electron probe mi- 
croscopy. Gas-phase species and temperature profiles are obtained using planar 
laser-induced fluorescence. In particular, flame structure measurements are pre- 
sented for aluminum particle combustion with the single oxidizers, O 2 , N 2 0, C0 2 , 
CO, H 2 0, and SF 6 . These measurements have consisted of radial profiles of temper- 
ature, radial profiles of gas-phase AlO, and radial profiles of the condensed-phase 
elements, Al, O, N, C, F, and S. Finally, the profiles are analyzed with a local 
equilibrium particle combustion model in which species diffusion is assumed to 
be rate limiting. The model is then utilized to investigate burning characteristics 
over the pressure range from 1 to 100 atm. 


II. Experimental Approach 

The limited ability periodically to produce and ignite particles with uniform 
diameters in well-characterized environments has often made metal particle re- 
search difficult. Central to the present work therefore is the development of an 
experimental apparatus capable of producing large quantities of isolated, burning 
metal particles, and the construction of a combustion chamber that permits optical 
access from multiple directions. 

The experimental arrangement was also designed to emulate closely the as- 
sumptions that underlie idealized droplet burning theories. Burning particles are 
generated with near-zero initial velocities and released into a near-stagnant, con- 
trolled atmosphere. Both the Reynolds and the Grashof numbers are quite low as a 
result of the microscopic particle size and the absence of forced convection. Under 
these conditions, combustion prevails with a spherically symmetric reaction zone. 


A. Particle Generation and Ignition 

The basic components of the particle generator system are a feeding mecha- 
nism, a set of oscillating blades, and a C0 2 laser heat source (Fig. 3). 41-44 The 
raw aluminum, in the form of a 127-/zm-diameter wire ( 99 . 99 % pure aluminum 
obtained from Aldrich Chemicals), is fed from a spool to a chopping mechanism. 
The chopping blade produces small cylinders by periodically shearing the metal 
wire. The length of the cylindrical wire fragments is determined by the chopping 
frequency in relation to the wire-feeding rate. A sequence of cylinders, attracted to 
each other, end to end, is moved into the densely focused (0. 1-mm-beam diameter) 
radiation from a 100-W C0 2 laser (Synrad Model 57-1). Upon contact with the 
laser beam, the temperature of the cylinder with a free end rapidly increases above 
the metal’s melting temperature. While exposed to laser radiation, the small cylin- 
der contracts into a spherical particle and ignites. The particles, formed with zero 
initial velocity, accelerate to Reynolds numbers of the order of 0.1 during ignition 
and continue to accelerate during free fall through the combustion chamber. The 
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sequence of events is repeated with a frequency of 0.5 Hz, resulting in a highly 
dispersed stream of monosized burning particles (Fig. 4). 

The experimental technique is capable of producing particles from any metal 
that can be drawn into wire strands. Using a 127-^tm-diam aluminum wire, par- 
ticles of diameters between 100 and 400 gm can be produced. The length of a 
5- V DC pulse that activates a miniature wire-feeding motor predetermines the parti- 
cle size. A series of experiments, in which wire fragments were spherodized by laser 
heating and dropped into an argon atmosphere, has shown the particle diameter 
variation (at a given apparatus setting) to be within ±2% of the average diameter. 



Fig. 4 Backlit images of particle generation and laser ignition in air. 
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Aluminum particle combustion has been studied in a variety of pure gases and 
factory-precalibrated gas mixtures, at pressures ranging from 1.1 to 3 atm. The 
gases entered a combustion chamber, 1 .5 in. on a side, and 7.2 in. high, from the top 
through an annulus (Fig. 3). The chamber was equipped with multiple rectangular 
windows, made from quartz and zinc-selenide (ZnSe), to allow optical access from 
four sides and along the entire chamber length. Prior to an experiment, the chamber 
was purged for 15 min at a flow rate of 3 L/min; the chamber volume of 225 cm 3 
was displaced 200 times during purging. The flow rate (measured via Matheson 
602 and E300 series rotameters) was reduced to 100 ml/min, and the static pressure 
(measured via Omega Model PX2 15 and PT602 pressure transducers) was adjusted 
to the desired value prior to the experiment. As a result of the continuous oxidizer 
flow, the particles were embedded in a coflowing gas environment of 0.13 cm/s 
during combustion. 


B. Photographic and Emission Measurements 

The still images of backlit burning particles shown in Fig. 4 were obtained 
using a gated CCD camera system in conjunction with a photographic flash unit. 
The CCD camera and flash unit were mounted on opposite ends of a vertically 
translating platform. With the particle experiment located between the camera and 
the flash, the platform was positioned at the height or bum time of interest, and a 
single image of each particle passing through the focal point of the lens was taken. 
The luminosity of the backlighting flash was adjusted and a set of imaging filters 
was chosen such that the particle and surrounding AI2O3 condensate, rather than 
the luminous flame zone, appeared as dark shadows on the digital images. For the 
purpose of triggering the camera and flash unit, the location of the particle along 
its trajectory was tracked by a photodiode equipped with a horizontal slit mask. 

Multiexposure emission images of burning particles were obtained using a gated 
CCD camera/frame grabber assembly (Electrim 1000-HR; 753 x 488 pixels in 
the interlaced mode) in conjunction with a chopper wheel. The rotation speed 
and the wheel slot width were chosen to multiexpose the CCD camera to the 
flame luminosity at predetermined time intervals and durations, typically every 
3.0 ms for a duration of 0.3 ms. To establish a common time basis between the 
individual images and the output of other data acquisition devices, the slot position 
of the chopper wheel was monitored using an emitter-photodiode assembly. The 
slot position signal, CO2 laser timing signal, and photodiode trace were recorded 
using a multichannel data acquisition board and stored on a computer. Both the 
camera and the chopper wheel assembly were mounted on a vertically translating 
platform enabling the viewing of different sections of the combustion process 
along the particle trajectory (Fig. 5). 

Particles were viewed by a photodiode (Newport Model 8 1 8-TJV) from a distance 
of 50 cm. The placement of the photodiode in the far field permitted continuous 
monitoring of flame emission during the entire particle burning history (Fig. 6). 


C. Condensed-Phase Species Measurements 

Particles were quenched 3 mm (equivalent to a burning time of 12-17 ms) 
below the point of ignition by impacting them on solid plates made from single- 
crystal silicon wafers (silicon wafers were chosen to ensure substrate purity). 41 42 It 
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Fig. 5 Chopped natural luminosity images of aluminum particles burning in air as a 
function of distance from particle generation and ignition in the combustion chamber. 

was assumed that the three-dimensional (spherical) flame configuration is rapidly 
quenched, yielding a relatively undisturbed two-dimensional (planar) projection 
of the condensate on the quenching plate. Electron probe microanalysis (EPMA) 
was used to measure relative radial distributions of Al, O, Si, C, N, F, and S on 
the quenching plate along a line extending from the particle center outward. The 
results of single-point EPMA measurements are X-ray photon counts, which are 
linearly proportional to the number of Al, O, Si, C, N, F, and S atoms contained 
at the probing sight. Along a radial trace, a series of single-point measurements 
yields relative radial atom distribution profiles. As a result of the particle-plate im- 
pact process, these radial atomic profiles correspond to a line-of-sight integration 
of the condensed phases contained in the three-dimensional flame system prior to 
impact. Under the assumption of perfect radial symmetry, the cross-sectional distri- 
butions of Al, O, C, N, F, and S atoms were reconstructed using a one-dimensional, 
three-point inverse Abel transform algorithm . 46 To facilitate a distinction from the 
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Fig. 6 Luminosity trace vs time for an aluminum particle burning in air. 


line-of-sight integrated raw measurements, the Abel recovered cross-sectional el- 
emental profiles are subsequently referred to as relative concentration profiles. 

Electron probe microanalysis was conducted on a CAMECA SX50 microprobe 
equipped with five-wavelength dispersive spectrometers (WDS) and a Prince- 
ton Gamma Tech energy-dispersive spectrometer. Automated traverses of the K„ 
X-ray lines of Al, O, Si, C, N, F, and S were performed from near the particle surface 
to the outer edge of the collapsed condensate cloud. Measurements in close prox- 
imity to the particle surface location could not be carried out because the silicon 
substrate, which melted during particle impact, formed an uneven surface during 
recrystallization that was unsuitable for x-ray measurements. An accelerating volt- 
age of 7 kV was chosen to maximize the x-ray yield for the light elements (C, N, 
and O) while minimizing the excitation volume and hence the “oversampling” of 
Si atoms in the wafer substrate. The electron beam current was regulated at a value 
of 60 nA. Under these beam conditions and sample densities, the spatial resolution 
of EPMA is of the order of 800-900 nm 3 . The aim of microanalysis profiles was 
to determine the relative differences in x-ray intensities as a function of radial 
distance throughout the condensate region about the aluminum particles. A typical 
radial profile consisted of 500 measurements and spanned a length of 500-600 /tm, 
yielding an analytical step size of ^1 /xm. The excitation depth (determined by the 
electron accelerating voltage of the instrument) was maintained much greater than 
the deposit (smoke) layer thickness so that the x-ray intensity obtained for each of 
the K u x-ray lines was always proportional to the number of Al, O, C, N, F, and S 
atoms present on the silicon substrate at the probing sight. Proportionality factors 
(x-ray matrix corrections) that link each of the relative x-ray intensities measured 
to an absolute number of Al, O, C, N, F, and S atoms could not be determined. 
However, the proportionality factor for each of the atoms is the same constant for 
all quenched particles studied because the instrument parameters such as electron 
beam current and accelerating voltage remained unchanged. 

Peak/background ratios are reported to distinguish characteristic from contin- 
uum radiation. Measurements for C, N, and O were determined by linear interpo- 
lation of two backgrounds (on either side of the peak), while a single background 
and slope method was used for Al and Si measurements. In an effort to mitigate 
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carbon deposition on sample surfaces during analysis (owing to residual hydro- 
carbon vapor from pump oils that become cracked by the electron beam), a liquid 
nitrogen cold trap in the specimen chamber was used. 

For the purpose of resolving the condensate structure (oxide particle size) on the 
quench plates, digital scanning electron microscope (SEM) images were collected 
with a Philips XL30 field emission gun (FEG) SEM. An accelerating voltage 
of 10 kV was used in conjunction with working distances smaller than 10 mm 
to obtain high-resolution secondary electron images. No conductive coating was 
used on the samples, thereby eliminating the possibility of misinterpreting a film 
artifact as a specimen feature. 


D. Gas-Phase Species and Temperature Measurements 

The use of PLIF and planar thermometry as a technique for probing complex 
reacting flows has been demonstrated. 47-50 In applying PLIF to metal particle 
combustion, challenges arise from the presence of condensed phase species in 
the flame envelope and the high temperatures involved. Single-laser PLIF tem- 
perature measurements have shown that the typical laser sheet approach is not 
applicable because Mie scattering (due to the condensed phases) broadens the 
distribution of pump energy. 15,42 At the expense of added noise, cross-sectional 
fluorescence distributions are reconstructed by applying an inverse Abel transform 
to line-of-sight measurements in which a broad laser sheet was used to overfill the 
probing domain. 42,44 The presence of thermal radiation from hot oxides requires 
narrow camera gate widths and a laser pumping scheme that results in high LIF- 
to-background ratios. 

Using a two-laser two-camera system for a ratiometric temperature measure- 
ment via AlO PLIF, the (0,1) and (0,2) bandheads of the B 2 E + X 2 X + electronic 
system of AlO were pumped sequentially with laser spectral intensities sufficient 
to cause saturation, and broadband LIF from the (0,0), (1,1), and (2,2) bands was 
monitored. Both bandheads are well isolated from other transitions and the com- 
mon upper laser coupled vibrational state eliminates the assumption of vibrational 
equilibrium in the B electronic state. A compromise had to be made with regard to 
the temperature sensitivity and LIF signal level. The energy difference between the 
absorbing states A s\ 2 , which is one vibrational quanta or, equivalently, ~1400 K 
in the current pumping scheme, resulted in a relatively poor temperature sensitiv- 
ity. However, based on the observed LIF signal levels and measured contribution 
from thermal radiation of the condensed phases, the ratio of the two fluorescence 
signals could be measured to within 1 .0% . Because of a decrease in the population 
fraction, pumping the (0,3) bandhead with A £]2 ~ 2800 K or the (0,4) bandhead 
with Afii 2 ~ 2800 K instead of the (0,2) bandhead would have resulted in a sys- 
tematic error of 2.2 and 3.5%, respectively. There is a significant difference in line 
strength between the vibrational states pumped. 51 Thus, dynamic LIF simulations 
were necessary to predict the contribution of nonsaturated signal from the fre- 
quency and temporal wings of the laser pulse in obtaining a relationship between 
LIF signal ratios and temperature. 

A schematic of the experimental facility is shown in Fig. 7. AlO LIF was excited 
with a pair of matched Nd:Yag pumped tunable dye laser systems using the dye 
laser output from coumarin 500. The pump beams were tuned to the (0,1) and 
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Fig. 7 Experimental arrangement used to acquire instantaneous temperature im- 
ages of AlO gas-phase diffusion flames around single aluminum particles. TP, turning 
prism; BS, beam splitter cube; ICCD, intensified, charge-coupled device. 


(0,2) bandheads of the B 2 E + ■*- X 2 E + electronic system of AlO at 5079.35 and 
5336.59 A, respectively. Including transmission loss, the dye laser beams had 
pulse energies in excess of 40 mJ, with pulse widths of ~6ns and measured 
spectral bandwidths of 0.1 cm -1 . The two lasers were fired with a time delay of 
50 ns. Excitation scans were performed to tune dye lasers to the (0,1) and (0,2) 
bandheads of AlO. For the purpose of generating AlO molecules without having to 
run the particle experiment, a vapor plume 5 mm high was produced by focusing 
a 150- W CO 2 laser pulse of 0.8 ms on a solid sample of sapphire (Al 2 03). 52 The 
dye laser was tuned over a range of frequencies and fired concurrent with the end 
of the CO 2 laser ablation pulse. AlO LIF was monitored using a gated intensified 
charge-coupled device (ICCD). The LIF signal was averaged over a 20 x 5-pixel 
region in the most intense region of the plume and stored. 

The beams were combined by propagating one beam at a small angle over a 
right-angle prism, which was used to turn the second beam (Fig. 7). The nearly 
collinear beams were expanded to overfill the region around the particle using 
a cylindrical telescope and a / = 300 mm spherical lens. The resulting vertical 
sheet measured ~4.5 x ~8 mm. The distribution of the energy within the expanded 
beam was mapped out by translating a pinhole across the sheet and an energy meter. 
Measurements show the sheet energy to be within 25% of the peak energy in a 
2.5 x 2.5-mm region (the extent of the flame zone around burning particles is 1 mm). 
Spatial averages of the sheet energy over the uniform region were recorded for each 
experimental run (16 particles) and each laser as input parameters for the spectral 
simulation. A CCD camera was positioned nearly coaxial with the pump sheet to 
record simultaneous emission images of the burning particles. These images were 
used to monitor the particle position with respect to die pump sheet. Experiments 
in which the particle resided outside of the relatively uniform 2.5 x 2.5-mm pump 
sheet region were discarded. The average temporal distribution of power over 
the laser pulse was measured with a photodetector (350-ps fall time) as the input 
parameter for the spectral simulation. The saturation behavior of the (0,1) and (0,2) 
bandheads of AlO generated in the vapor plume was measured by attenuating the 
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pump beam with various neutral density filters. A slope of ~0.22 on a logarithmic 
plot of laser energy and LIF signal confirmed that nonsaturated signal was sampled 
from the temporal and frequency wings of the laser pulse. 

The broadband AlO LIF from the B-X (0,0), (1,1), and (2,2) bands of AlO was 
imaged at a right angle to the pump beam with two cooled, intensified detectors 
(Princeton Instruments; fiber optic-coupled, 576 x 384 CCD array). The signal 
was collected with a single //4.5 lens (105-mm focal length) and split using a 
coated, nonpolarizing beam splitter cube. A 10-nm interference filter centered at 
488 nm was used to block elastically scattered laser light. The field of view of 
both cameras was 4.02 x 2.68 mm, the spatial resolution [as determined by a mea- 
surement of the contrast transfer function (CTF)] was 12 /xm/pixel. To capture 
most of the fluorescence signal, but reject the thermal radiation from particle and 
condensed-phase oxide efficiently, the intensifier gate widths were set to 25 ns. The 
linearity of detection was verified under operating conditions (microchannel plate 
gain setting) by attenuating the fluorescence signal with various neutral density 
filters. 

Several image corrections were necessary to determine quantitatively temper- 
atures from fluorescence images. 51 Average background images, which were ac- 
quired with the laser operated, were subtracted from raw fluorescence images. For 
accurate pixel-to-pixel indexing of the two-camera systems, 48 a geometric trans- 
formation (image warp), which involved translation, rotation, and magnification, 
was applied to images acquired by camera 2. To correct for the relative spectral 
response between the two cameras on a pixel-to-pixel basis, LIF from one laser 
was monitored simultaneously using both cameras. In practice, this was done by 
pumping AlO in the tiny vapor plume and sweeping the plume across the image 
plane, eventually to fill the entire field of view. By imaging AlO fluorescence from 
the vapor plume, which was comparable in magnitude to the fluorescence signal 
of AlO in the particle cloud, the intensifier gain dependence and irising effects 
in the photocathode were eliminated. The spatial averaging technique utilized the 
radial symmetry of the combustion system. From each image, the center of the 
particle was found using a centroid determination, and an averaged radial profile 
was calculated. A one-dimensional, three-point Abel transform 46 was performed 
on all averaged radial profiles to convert the line-of-sight integrated fluorescence 
signal to cross-sectional profiles. Finally, the ratio of the Abel inverted images 
corresponding to the same particle was calculated. 

The aim of the detailed spectral simulations was to obtain a relationship between 
predicted LIF signal ratios and temperature. To account properly for the contri- 
bution of nonsaturated signal from the frequency and temporal wings of the laser 
pulse, the rate equations for a two-level system 48 were integrated over frequency 
and time using the measured spectral and temporal laser intensity distributions. 
The two-level fluorescence system was used under the assumption of negligible 
bleaching and a level-independent, global quenching rate. Band strength and line 
intensity factors were taken from Partridge et al. 51 A global collisional quenching- 
rate constant was determined by matching simulated and experimentally measured 
power saturation behavior of both the (0, 1 ) and the (0,2) bandheads. The best fit was 
obtained for a quenching rate of 5.6 x 10 _n cm 3 s _1 . For comparison, Campbell 
et al. 53 measured quenching-rate constants for the B 2 E + state of AlO using a 
pulsed-laser photolysis LIF technique and found CO, NO, N 2 , and CO 2 to have 
rate constants of 4.8 x 10 -12 , 1.8 x 10 -10 , 1 x 10~ 13 , and 1 x 10 _I2 cm 3 s _l , 
respectively. 
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Fig. 8 Multi-exposure emission images of aluminum particles burning in various 
02 /Ar mixtures. The percentages at the top denote the volume percentage of O 2 . The 
scale on the emission image corresponds to the distance from the point of laser ignition 
(mm). 


III. Experimental Results 

Multi-exposure luminosity images of 187-/rm-initial diameter aluminum parti- 
cles burning in various Oi/Ar mixtures at room temperature are shown in Fig. 8 
at intervals of 2.5 ms for a duration of 0.2 ms. The experiments were conducted 
at 106 ± 1.5 kPa. For comparison, multi-exposure luminosity images of 215-/nm 
aluminum particles burning in 21% 0 ^ 19 % N 2 and pure N 2 O, CO 2 , CO, and EFO 
are shown in Fig. 9 at intervals of 3 ms for a duration of 0.3 ms. Combustion 
prevails, with a bright vapor-phase envelope for all oxidizers studied with the ex- 
ception of CO. In the O 2 /N 2 atmosphere, combustion occurs in different stages, the 
initial spherically symmetric stage (seen in the image) and a later very violently 
dismptive stage (f > 45 ms), typical of that shown in Fig. 5 for combustion in air. 
Generally, no differences were observed between combustion in the air-equivalent 
controlled mixture of O 2 /N 2 and combustion in ambient air. Although the parti- 
cle rapidly traverses out of the laser radiation field of 0.1 -mm diam, a period of 
approximately 10 ms is needed to establish a quasi-steady, spherically symmetric 



Fig. 9 Multi-exposure emission images of aluminum particles burning in various 
atmospheres. The scale on the emission image corresponds to the distance from the 
point of laser ignition (mm). 
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combustion mode (third luminosity image). Photodiode traces of luminosity show 
the characteristic staged combustion behavior observed previously in ambient air 
(Fig. 6) and in the literature. 

The 02/Ar flames (Fig. 8) also exhibited a spherical envelope with a slightly 
larger luminous zone than the O2/N2 flame (Fig. 9). As the O2 concentration is 
decreased in Ar, the diameter of the smoke cloud decreases, as does its intensity. 
For low 0 2 concentrations, combustion in 02/Ar mixtures remained quiescent and 
no disruptive phase was observed. Both the nonexistence of a disruptive burning 
phase and a slightly larger luminous flame zone in the 02/Ar atmosphere are in 
excellent agreement with the observations of Prentice and Nelson. However, for 
0 2 concentrations in Ar higher than about 45%, the tendency for disruption and 
fragmentation increased with increasing O2 concentration. 

In the N2O atmosphere, the luminous flame envelope was comparable in size 
to the 21% 02/79% Ar atmosphere and slightly distorted. Numerous bright spots, 
which originate from small particles, appear within the flame envelope. These 
spots are also visible for the highest oxygen concentration mixture of Fig. 8. The 
associated photodiode luminosity trace reveals that, at times greater than 50 ms, 
very violent disruptive events had occurred in the N2O system. 

In C0 2 atmospheres, a gas-phase luminous flame located primarily at 1 nondi- 
mensional radius off of the particle surface is observed. The apparent burning time 
as defined by the presence of a luminosity signal (170-200 ms) was long relative 
to that of the N2O (80-110 ms) and the 21% 02/79% Ar (145-170 ms) atmo- 
spheres, exceeded only by that of the 21% 02/79% Ar (200-240 ms) atmosphere. 
Immediately following ignition, mild disruptions, accompanied by satellite parti- 
cles at slightly greater burning times, are observed. However, the disruptions are 
less violent than those seen in O2/N2 and N2O and are periodic, presumably due 
to particle spin. 

No gas-phase formation of condensed-phase AI2O3 is observed visually in the 
CO atmosphere. The luminosity trace is small in magnitude and consistently shows 
an increase in intensity approximately 45 ms following particle ignition. Vapor- 
phase combustion was also observed in H2O atmospheres, with an overall flame 
size slightly greater than the particle size. Figure 9 shows a typical scenario, in 
which large luminous satellite particles depart from the main, less luminous flame 
system, which contains the aluminum droplet. Thus, fragmentation occurred con- 
currently with ignition, i.e., there was no period of quiescent burning. 

Figure 10 shows multi-exposure luminosity images of A1 particles burning in 
pure SFe. Each vertical image in the figure shows a different particle recorded at 
progressively lower locations in the combustion duct. The entire burning lifetime 
is steady and well behaved, with no sharp jumps in luminosity or jetting of smaller 
particles as observed with combustion in oxygen bearing environments. Further, 
no visible cloud of condensed-phase material (smoke) surrounding the particle is 
observed. As the final product of combustion, AIF3 has not been observed in the 
liquid phase and is anticipated to remain gaseous and diffuse far from the burning 
particle, where its concentration will be considerably less, before sublimating to 
the solid phase at 1564 K. The bright spot on the particle during the first 1 mm 
of travel is a lobe of liquid AI2O3, which was the original film of AI2O3 solid that 
had formed on the surface of the aluminum wire due to storage in ambient air. The 
fluorine appears to reduce the aluminum oxide, and beyond this point, the particle 
surface is bare Al, as there are no other condensed-phase products formed near the 
particle to accumulate on the surface. 
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Fig. 10 Multi-exposure emission images of aluminum particles burning in pure SF*. 
The scale on the emission image corresponds to the distance from the point of laser 
ignition (mm). 

With the exception of the 56% 02 / 44 % Ar and pure-H 20 mixtures, the flame en- 
velope was nearly spherically symmetric during the initial burning phase ( t < 45 ms). 
A nonsymmetric flame structure accompanied by particle fragmentation was ob- 
served at longer burning times in some atmospheres. This behavior was attributed to 
oxide accumulation and participation of aluminum-nitrogen species in the com- 
bustion process. Because both the gas-phase and the condensed-phase analysis 
techniques require spherical symmetry of the flame structure, and to avoid the 
additional complexity of lobe-particle interaction, all detailed flame structure ex- 
periments were taken at a burning time of approximately 15 ms. 

Figure 1 1 shows raw line-of-sight and Abel cross-sectional A10 PLIF images 
that resulted from pumping the ( 0 , 1 ) bandhead for combustion of aluminum in 2 1 % 
0 2 and 79% Ar. Both azimuthally averaged radial profiles and single-shot cross- 
sectional distributions are shown. A slight asymmetry, which arises from a cylindri- 
cal shadow of the pump beam to the left of the particle, is noticeable in all raw PLIF 
images. The cross-sectional profiles clearly show AlO to be a gas-phase interme- 
diate species with nonzero concentrations at the particle surface (r 0 = 0.11 mm). 

Averages of single-shot radial temperature profiles along with relative AlO con- 
centration profiles, which were calculated from the measured relative population 
in the pumped rotational states in v" = 1 via the Boltzmann equation, are shown 
in Fig. 12 for aluminum combustion in mixtures of 21 % 0 2 H9% Ar, 21 % 0 2 H9% 
N 2 , and 100% CO 2 . The relative AlO concentration profile of the 21% 0 2 /79% Ar 
atmosphere was set to 1 at the maximum; all other profiles are scaled accordingly. 
Although all profiles generally show the temperature to increase in the region ad- 
jacent to the particle, the rate of increase is significantly different for the different 
atmospheres studied. Consistent with the concept of a limiting temperature (which 
is controlled by the local dissociation temperature of condensed-phase AI 2 O 3 ), the 
combustion systems appear to have reached a relatively constant flame tempera- 
ture over significant radial distances in all atmospheres with the exception of CO 2 . 
Ignoring the data scatter between three and four nondimensional radii (which is 
due to low PLIF signal levels), the temperature profile of the CO 2 atmosphere is 
sharply peaked. This trend is in agreement with overall enthalpy considerations, 
which show that the limiting flame temperature cannot be reached in the AI-CO 2 
system. 

Relative AlO population profiles were obtained for the 21% 0 2 H9% Ar and 
21% 02 / 79 % N 2 systems at pressures up to 308 kPa. As the pressure increases, 
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Fig. 11 Raw and cross-sectional AlO PLIF images with corresponding azimuthally 
averaged raw profiles and single-shot cross-sectional profiles for aluminum particle 
combustion in 21% O 2 and 79% Ar at 106 kPa. 




Fig. 12 Nondimensional radial profiles of AlO, AI 2 O 3 , and N relative concentrations 
and averaged temperature for 210-/im aluminum particle combustion at 106 kPa. 
Profiles were measured at a burning time of 15 ms. Insets are cross-sectional AlO 
PLIF images, a) 21% 0/79% Ar; b) 21% 0/79% N 2 ; c) 100% C0 2 . 
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Fig. 13 Pressure dependence of relative cross-sectional AlO v" = 1 population for 
pressures of 106 and 205 kPa for combustion of A1 in 21% 0 2 /79% Ar. 


the width of the Abel inverted profiles (shown in Fig. 13 for the 0 2 /Ar system) 
decreases and the peak moves closer to the particle surface. 

In Fig. 14, a typical raw PLIF image obtained from a particle burning in 50% 
O 2 /50% Ar is shown. As determined from simultaneous emission photography, 
the area from which little LDF is collected (the circular pattern in the left half of the 
image) is due to the presence of an oxide lobe at the particle surface. Oxide lobes 
are observed to exist with great regularity at burning times greater than 1 5 ms in 
this gas mixture. 

SEM images of 215-/rm-initial diameter particles, quenched by impact on a 
silicon substrate at 3 mm below the point of ignition, are presented in Fig. 15 for 
combustion in 21% 0 2 /79% N 2 , 100% N 2 0, 100% C0 2 , and 100% CO. Because 
the mechanical chopping system was not compatible with temperatures in excess of 
380 K, which were needed to avoid steam condensation, the H 2 0 experiments could 
not be executed reliably enough to allow for particle quenching. The quenching 
distance of 3 mm (equivalent to a burning time of 12-17 ms) was chosen to sample 



Fig. 14 A raw AlO PLIF image of particle combustion in a 50% 0 2 and 50% Ar 
mixture illustrating the presence of an oxide lobe. 
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Fig. 15 SEM images of burn-interrupted aluminum particles in 21% 0 2 /79% N 2 , 
100% N 2 0, 100% C0 2 , and 100% CO. Note the different scales as indicated by the 
bar within each of the SEM images. 

subsequent to the establishment of a quasi-steady burning mode, but within the 
aforementioned spherically symmetric combustion period ( t < 45 ms). Common 
to all of these oxidizers, except CO, is a smoke ring located off the particle surface. 
The quenched sample for the O 2 /N 2 environment was taken during quasi-steady 
combustion, and no fragments from particle disruption are observed on the plate 
(satellite particles similar to those found in N 2 0 appear at greater burning times). 
Consistent with the particles observed in visual photographs of NjO combustion 
(Fig. 9), the parent particle is surrounded by numerous small particles varying 
in diameter from 5 to 85 fi m. This also applies for CO 2 combustion with fewer 
satellite particles and to mixtures with high concentrations of O 2 . In the case of 
CO, a dual-ring structure is observed, with the inner ring extending to the particle 
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Fig. 16 High-resolution SEM images of the product structure. Experimental condi- 
tions and sampling locations: a) O 2 /N 2 atmosphere, 600 pm removed from particle 
surface, 75 pm removed from particle surface; b) N 2 0 atmosphere, 20-pm satel- 
lite particle (hollow shell), found 400 pm removed from particle surface; c) CO 
atmosphere, typical deposit with attached fibers, found 75 pm removed from particle 
surface. 


surface. Visually, the color of the smoke of the CO atmosphere was gray, compared 
to the white color found in all other cases. 

To classify the product (smoke) structure as a function of the radial distance, 
high-magnification SEM images (Fig. 16) were taken. For all of the oxygen oxi- 
dizers except CO, a common product structure was found. Within the high-density 
smoke region, small spheres, with diameters of between 100 and 200 nm, were 
found. The image in Fig. 16a was obtained from the O 2 /N 2 quenched particle at 
a location 600 pm removed from the surface. SEM photographs obtained within 
the inner dark ring appear to show the deposit as a crystalline, fibrous structure. 
However, this structure may consist of agglomerates of much smaller, spherical 
particles. The PLIF flame structural measurements have shown peak concentra- 
tions of AlO(g) to exist at r/ro = 2. Therefore, the deposit immediately adjacent to 



710 


P. BUCHER ET AL. 


the droplet could have been formed as a result of condensation of AlO or other gas- 
phase aluminum containing species. Also evident in Fig. 16a are some spherical 
oxide particles that exist as a consequence of the collapsing three-dimensional 
flame structure during impact. The low density of these spherical particles is in- 
dicative of low particle concentrations in the outer zones before quenching. Hence, 
the agglomerate structure of the oxide spheres observed in Fig. 16a is most likely 
a result of the quenching process. Figure 16b is an example of a 20-^im satellite 
particle formed during combustion in N 2 O atmospheres. In this particular case, the 
particle that remains is a hollow shell approximately 300 nm thick, which is com- 
posed of stoichiometric AI 2 O 3 . Similar residual particles of between 5 and 60 /zm 
were also found in O 2 /N 2 atmospheres at burning times greater then 50 ms (in the 
aforementioned disruptive burning stage) and by other investigators in flames and 
solid propellant environments under atmospheric and high-pressure conditions. 
Large-scale oxide residuals appear to be favored when nitrogen is present in the 
combustion environment, and two distinct size ranges of oxide particles are formed, 
greater than ~300 fim and less than ~5 i±m, as concluded previously in the liter- 
ature. The product structure found in CO atmospheres was distinctively different 
than that found in all other cases. An example of a typical quenching plate deposit 
(Fig. 16c) consists of a spherical particle between 200 and 400 nm in diameter, 
with attached fibers. In addition, particles of much smaller size were found. 

Aluminum, oxygen, carbon, and nitrogen K<* x-ray relative measurements were 
made along radial traces from the particle center outward in increments of 1 /zm. 
The SEM in Fig. 15, which shows a particle quenched from a CO atmosphere bum, 
was acquired after the x-ray analysis and depicts the radial track resulting from 
charging of the specimen during the measurement. The Abel recovered relative 
concentration profiles of A1 and O (O is shown in terms of the ratio Al/O) in 
Fig. 17 show a distinct maximum at some distance from the droplet surface in all 
atmospheres. Although convective drag and thermophoretic forces may distort the 
condensed-phase oxide distribution, high levels of A1 and O are generally indicative 
of an intense oxide production region. The radial extent of the A1 profile, which 
varies greatly for the different oxidizers studied, indicates the extent of the reaction 
zone. In the case of CVAr atmospheres (not shown), no C or N was detected, and 
the ratio of the A1 and O x-ray intensities was found to be 1 .4 ± 0. 1 5, independent 
of the radial position. Because AhOjfs) and Al(s) are the only condensed-phase 
species in the Al/CVAr system and the formation of Al(s) [due to condensation of 
Al(g) during quenching at regions close to the particle surface] is unlikely to occur 
at a large radius, the ratio of 1 .4 was assumed to correspond to AI 2 O 3 . Consequently, 
all Al/O ratios in Fig. 17 have been rescaled based on the finding that a measured 
ratio of 1.4 corresponds to 2/3 (the stoichiometry of AI 2 O 3 ). Condensed-phase 
profiles for the 21% 0 2 /79% N 2 and 100% C0 2 systems, along with the 21% 
0 2 /79% Ar system, are also plotted in Fig. 12 to show the relationship between 
gas-phase species and condensed-phase elements. For example, note that the rise 
in temperature near the particle surface always coincides with the formation of 
condensed-phase AI 2 O 3 . It is also important to note that the CVAr, 0 2 /N 2 , and N 2 O 
systems are thermodynamically expected to reach the limit temperature because 
the enthalpy of the reactants is sufficient to decompose some of the AI 2 O 3 . The 
existence of a plateau region in the temperature profiles experimentally confirms 
the concept of a limiting temperature. 

In both O 2 /N 2 and N 2 O atmospheres, no carbon was detected, but nitrogen, 
which must be bound to aluminum to exist as condensed-phase species on the 
quenching plate, was found in regions smaller than r/r 0 = 3 as shown in Fig. 17. 
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Fig. 17 Abel recovered elemental condensed-phase product distributions for the SEM 
images in Fig. 15. 

Because the ratio of Al/O does not significantly increase in regions where nitrogen 
is detected, aluminum-nitride species, possibly AlN(s), must constitute a rela- 
tively small fraction of the condensed phase. Within the detection limits of the 
instrumentation, no C or N was found on the quenched samples taken from CO 2 
atmospheres. The A1 trace taken on the quench plate corresponding to combustion 
in a CO atmosphere confirms the dual-ring structure seen on the corresponding 
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Combustion of Aluminum Particles 
in Solid-Rocket Motor Flows 


John C. Melcher,* Rodney L. Burton^ and Herman Krier* 
University of Illinois at Urbana-Champaign, Urbana, Illinois 


Nomenclature 

B = Spalding transfer number of fuel mass fraction 

C D = drag coefficient 

c m i* = total molar concentration, mol/cm 3 

D = droplet diameter, /cm 

D 0 = initial droplet diameter, pm 

Vf = fuel diffusion coefficient, cm 2 /s 

^ox-mix = oxidizer diffusion coefficient, cm 2 /s 

( g ) - gas-phase 

[i] = molar concentration of species t, mol/cm 3 

k = burning rate coefficient, pm n fps 

ki - reaction rate for oxidizer i, cm 3 /mol-s 

(/) = liquid-phase 

L c = thermal diffusion layer thickness, /xm 

^diff-ox = molar diffusive flux, mol/cm 2 -s 
n = D n exponent 

p = pressure, atm 

Ren = Reynolds number 

r/r s = nondimensional radius referenced to droplet surface 
r' = propellant burning rate, cm/s 

t = time, /rs 

tb = bum time, ps 

X e ff = oxidizer concentration expressed as a mole fraction 
Xi = oxidizer concentration of species i 
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reserved. 
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Yf = fuel mass fraction 

a = propellant thermal diffusivity, cm 2 /s 

p = gas-phase density, kg/m 3 

a = propellant thermal diffusivity, cm 2 /s 

p = gas-phase density, kg/m 3 

Pi = droplet density, kg/m 3 

I. Introduction and Background 
A. Research Motivation and Objective 

T HIS experimental study focused on one aspect of solid-propellant rocket com- 
bustion, that of aluminum droplet combustion. Aluminum is a common metal 
additive to solid-propellant composition and subsequently affects many perfor- 
mance parameters such as impulse and propellant burning characteristics. To 
design accurately and predict the performance of a rocket with an aluminized 
propellant, the combustion behavior of the aluminum droplets in the flow must be 
accurately described. 

Adding lightweight metal particles to the propellant composition is beneficial 
chiefly because the metal combustion mechanism adds energy to the flow. The high 
flame temperature of burning metal droplets can impart large amounts of energy 
through the heat released during combustion and the subsequent formation of 
metal oxides, a process that occurs in the flow away from the propellant surface. 1,2 
Metal particles have also been shown to help reduce some modes of combustion 
instability through acoustic particle damping or aerodynamic drag, but the cause of 
this effect is not fully understood. 3-7 However, rocket systems that use aluminum 
additives have historically failed to reach the full potential predicted from the metal 
combustion, due to performance losses introduced with the two-phase particulate 
flow of the molten aluminum droplets and smoke oxide particles. Furthermore, the 
use of aluminum particles for acoustic instability suppression is highly sensitive 
to particle size, and the control of agglomeration sizes becomes an essential factor 
in design. 8 

The research objective is to characterize the combustion rate of ~100-/zm alu- 
minum particles in solid-propellant gaseous combustion products inside a win- 
dowed solid-propellant rocket test chamber. The propellant chamber conditions 
are generated using an aluminum perchlorate (AP)/Hydroxyl-Terminated Poly- 
butadiene (HTTB) bimodal propellant operating at pressures up to 25 atm, and 
the aluminum droplet source is a small aluminized propellant sample. An opti- 
cal technique generates time-resolved images for determining the size of burning 
droplets as they travel through the chamber. The burning rate is characterized by 
the variation of droplet diameter with chamber pressure and oxidizer concentra- 
tion in the gas-phase flow. The quantified effect of the studied parameters is then 
used to compare with and validate other models for burning rate presented in the 
combustion literature. 


B. Aluminum Particle Combustion 

Aluminum droplets bum in a gas-phase reaction where the flame front is at a 
detached distance away from the droplet surface, as shown in Fig. 1 . Aluminum 
particles have a characteristic oxide coating that must be melted or cracked before 
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Fig. 1 Simplified description of aluminum droplet combustion 212 ’ 27 : the reaction is 
a gas-phase reaction at a detached distance from the droplet surface, and hot oxide 
products dissociate outward and AI 2 O 3 condenses and forms a smoke cloud that emits 
thermal radiation at a temperature near 3800 K. 

the aluminum particle can ignite. 2 Because the oxide melting temperature, 2327 K, 
is higher than the melting temperature of aluminum, 933 K, the aluminum is 
assumed to be fully melted on ignition. The molten aluminum droplet surface 
bums at a temperature between the oxide melting temperature, ~2300 K, and 
~2700 K, the aluminum boiling temperature. 7,9 Although the global oxidation 
reaction of aluminum produces alumina, A1 2 0 3 , many suboxides such as AlO, 
A10 2 , A1 2 0, and A1 2 0 2 exist in the flame zone, with AlO as the most prominent. 
The condensation of alumina at its estimated boiling point, ~3800 K, sets the 
approximate temperature of the oxide cloud because A1 2 0 3 (1) condenses directly 
from the association of the suboxides and the idealized gaseous form, Al 2 0 3 (g), 
immediately dissociates back into AlO and 0 2 species. 1011 

The submicrometer alumina particles can radially diffuse both outward and 
inward, where they can accumulate in an oxide cap on the molten aluminum 
surface. 2,5 The entire reaction is considered diffusion controlled because the species 
are reacting much faster than the diffusion rates at the elevated temperatures. 9 
Bucher et al. 12 have made measurements at 1-3 atm pressure showing that the peak 
in the AlO concentration occurs at a radius close to the droplet surface, r/r s ~ 2, 
whereas the peak concentration of A1 2 0 3 occurs farther away at r/r s ~ 3. The data 
also show that concentrations of AIO can exist as far out as rjr s ~ 6 and r/r s > 10 
for A1 2 0 3 . Widener et al. 9 present calculations showing alumina concentrations 
out at r/r s ~20 in water-containing media at 1 atm. Other experimental and an- 
alytical work has shown that the location of the flame front moves closer to the 
droplet surface as pressure or oxidizer concentration/flux is increased. 13-17 

The combustion of aluminum droplets is often characterized by the droplet 
bum time, which has been shown to depend on droplet size, state properties of 
the medium, and the flow characteristics of the entrained droplet. Classical fuel 
droplet evaporation/combustion theory states that the diameter of a burning droplet 
as D 2 = Dl - kt, where k is the burning rate or evaporation coefficient. By setting 
0 = 0, the classical bum time can be defined as t>, = 0 ( ~ / k . The burning rate k 
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is typically a function of the state properties of the medium including pressure, 
temperature, and oxidizer concentration. 

Past research has shown that the diameter dependence does not necessarily 
follow the classical D 2 law, but instead follows D", where n is typically between 
1.5 and 2. It is assumed that n is typically independent of the state properties of 
the medium and is only a function of combustion mechanism or flow properties. 
Kuo has shown with classical relations that n should be 1 .5 for laminar convective 
flows around the droplet and closer to 1 for turbulent flow . 18 Experimentally, 
Belyaev et al . 19 and Friedman and Macek 20 found n = 1 .5 in high-temperature gas 
flows, and Wilson and Williams found n = 1.5 ±0.5 in ambient atmospheres . 21 
Davis 22 reports n = 1.8, and Hartman 23 n = 2.0 ± 0.3, in high-pressure propellant 
flows, and Turns et al. found n = 1.77 ± 0.2 for slurry agglomerates . 24 Analytical 
models calculated at 1 atm have demonstrated causes of the deviation from the D 2 
law. King found n = 1 .4-1 .9 due to finite reaction kinetics at high temperatures . 25 
Brooks and Beckstead found n = 1 .88 under high convection and temperature 
conditions and n — 1.5 when a surface oxide cap decreased the burning surface 
area . 5 Liang and Beckstead found n — 1 .20-1 .88 as the oxide cap affected different 
size droplets in ambient air . 10 Daniel et al. report n = 1.7 when modeling droplets 
in a two-dimensional solid rocket chamber with two-phase flow . 11 Lastly, in global 
bum-time formulas for various conditions, the Hermsen model uses n = 1.8 (see 
Ref. 26) and Widener and Beckstead use n = 1.9 in their formula . 27 

The state properties of the medium affect the bum rate coefficient k, and this 
study focuses on the effects of pressure and gas composition, more specifically, 
the oxidizer concentration expressed as a mole fraction X e ff. An increase in burn- 
ing slope indicates a shorter bum time for a given droplet size. Classical theory 
relates k to X e ff through a logarithmic function of mass transfer . 15,18 Belyaev 
et al . 19 reported that k was a function of oxidizer concentration by k oc X° f 9 , where 
Xeff — - Xh 2 o + X C o 2 only, and Hermsen’s formula (see Ref. 26) uses X° f 99 , 
where the concentration of O 2 is also included. Widener and Beckstead 27 have 
improved on their previous work in their formula to include a nonequal weighting 
to different oxidizing species and a smaller overall oxidizer effect, X 0 ^ 9 , where 
X e ff = Xo 2 + 0.58Xh,o + 0.22X C o 2 , so that oxygen has the strongest effect . 5,6 

An increase in pressure is considered to increase burning rate by increasing the 
gas-phase transport of fuel and oxidizer species . 12,23 At low pressures, oxidizer 
diffusion to the droplet is reduced by the condensed AI 2 O 3 particles surrounding 
the droplet . 16 Furthermore, the quasi-steady burning rate coefficient k is a function 
of gas density and diffusion coefficient , 18 two parameters that introduce a pres- 
sure dependence into the burning rate. Hartman 23 reported an experimental linear 
pressure effect and a theoretical k oc p 0A , Foelsche et al . 26 found p° 21 , Hermsen’s 
formula (see Ref. 26) uses p °- 27 , and the Widener-Beckstead 27 model uses p 02 . 
However, the effective range of the pressure effect is still in question. Belyaev 
et al . 19 and Hartman 23 find no effect above 20-50 atm, whereas Foelsche et al. 
report changes up to 145 atm . 26 


II. Experimental Apparatus 

A. Chamber Design 

This experiment studies the aluminum droplets in their environment of true 
interest, within the rocket motor chamber using a solid-propellant combustion 
products flowfield. In addition, the aluminum droplet source is an aluminized solid 
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Fig. 2 Schematic of experiment apparatus operation. 


propellant, instead of single aluminum droplets typically used in metal combustion 
experiments. The key to the design is the construction of a chamber with axial 
observation windows for viewing events in the chamber flow. Figure 2 shows 
the overall experiment design schematic. The chamber allows for a vertical flow 
traveling upward from a source propellant in the bottom of the chamber to a 
discharge at the top through a 2.54 x 2.54 cm 2 square center channel. The chamber 
discharge uses a sharp-edged orifice nozzle to choke the flow. The aluminized 
propellant sample is mounted on a pedestal in the center of the square channel, 
near the bottom of the window. The 30-cm-long chamber windows were made 
up of two parts, an outer plastic window and an inner glass window. The outer 
window was made from 2.5-cm-thick Lexan, a strong plastic that provided the 
strength necessary to contain the chamber pressure, and a 6.5-mm inner quartz 
glass window for thermal protection. 

Use of the 30-cm-long windows permitted observations over much longer dis- 
tances at high pressure than is normally possible in metal combustion experiments. 
This allowed for the tracking of particles through burnout to observe if fragmen- 
tation of particles occured. 

The chamber bums two solid-propellant samples during one experiment: a rel- 
atively large (22-g) nonaluminized, bimodal propellant to fill the chamber to test 
conditions, and a much smaller (~0.1-g) aluminized propellant sample to inject 
aluminum droplets. The main composite propellant is a mixture of 88% AP ox- 
idizer and 12% fuel binder, where percentages are on a mass basis. The oxidizer 
part is a composite of two sizes of AP: 62% 200-qrn AP, and 38% 50-/rm AP. 
The fuel binder is a mixture of 77.4% HTPB fuel, 5.9% dioctyl adipate plasticizer 
(DOA), and 16.7% isopherone diisocyanate (IPDI) curing agent. The propellant 
is ignited by applying a 5-A current across a nichrome wire sandwiched between 
the top of the main propellant and another wafer of propellant of mass ~3 g. The 
aluminized propellant sample is ignited by the hot gases from the main propellant. 

The chamber is also configured to allow additional gases to be metered into the 
chamber to study the effect of oxidizer concentration on aluminum combustion. 
The additional gas is injected into the bottom plenum of the chamber to allow the 
gases time to mix and react to equilibrium. By injecting a known mass flux of oxi- 
dizer into the chamber, the equilibrium oxidizer concentration from the propellant 
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products plus injected gas can be calculated. A small flat-plate orifice is installed 
in-line directly outside of the bottom chamber plenum to choke the oxidizer flow 
over the pressure range of the chamber. Oxidizer flux is controlled by varying the 
orifice size and oxidizer supply pressure. To provide accurate measurements of the 
oxidizer flux, a Micro-Motion Company ELITE CMF Coriolis mass-flow meter is 
installed in-line. 

B. Chamber Conditions 

Both pressure and temperature are measured in the center square channel where 
the aluminum combustion is observed. The thermocouple was mounted at a 
position ~7 cm along the window length. Because of the large temperature range 
of the chamber, 300-2900 K, a type C (tungsten-rhenium) thermocouple is used, 
rated up to 3000 K. Because the chamber is only pressurized a few seconds, a fast 
response time is required, achieved with an Omega open-sheath-type thermocou- 
ple with 0.23-mm bead diameter, calculated to have a 125-ms response time at 
chamber flow conditions. 

A typical measurement of pressure and temperature from an experiment is pre- 
sented in Fig. 3. A linearly rising pressure trace was present in every experiment, 
with nearly identical slope each time. This ramp in the pressure is useful because 
it creates a variable pressure condition that can be studied simply by changing the 
pressure trigger setting for the camera. A quasi-steady chamber model was devel- 
oped to investigate the cause of the pressure ramp. After determining that the ramp 
was not caused by an identical linear increase in propellant burning area, a heat 
transfer model with a chamber wall temperature that increased linearly in time was 
found to match the data. The steady-state pressure predicted for the chamber with 
a 0.3-cm discharge orifice is 62 atm, which is well above the measured pressure 
range. If the wall temperature is held constant in the model, the chamber fills to 
full pressure in less than 1 s. If the wall temperature is allowed to vary from 300 
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Fig. 3 Chamber experimental conditions, pressure (atm) and temperature (K), 
through time history of chamber: the temperature of ~2200 K can be radiation cor- 
rected to ~2300 K, and the pressure ramp is a result of a linear wail temperature 
heat-up, shown by a quasi-steady lumped capacitance model of the chamber. 
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to 550 K over the 2 s of the bum, the model pressure data matches the experiment 
data. 

Accounting for radiation losses from the thermocouple bead, the measured tem- 
perature of ~2200 K is corrected to ~2300 K. It was also found that the temperature 
did not change significantly with pressure or additional oxygen gas injected into 
the chamber. Thus, the temperature was assumed constant in the study of pressure 
and oxygen effects. 

Droplet velocity was measured to be 5-7 m/s on average, which agrees well 
with a calculated mass-averaged gas velocity of ~5.1 m/s across the channel area. 
There was no measured velocity gradient with axial position in the chamber. The 
flow velocity increased about 5-20%, or 0.25-1 m/s, across the range of added 
oxygen flow. 

C. Aluminized Propellant Description 

A small, aluminized propellant sample of size approximately 3x3x8 mm 3 
and mass ~0. 1 g was mounted on a pedestal in the center of the square channel in 
an end-buming configuration. The propellant is an AP/HTPB bimodal propellant, 
similar to the base propellant used to pressurize the chamber. The loaded aluminum 
is 15% of the propellant mass. Figure 4 is a scanning electron microscope (SEM) 
image of the propellant surface, where the aluminum appears small and reflective 
compared to the dull, large boulders of AP. The loaded aluminum particles are 
near-spherical particles typically specified as 1 10 |tm in diameter. A size analysis 
of the aluminum particles visible in the propellant SEM shows an average size 
of 106 ± 20 fim. The raw aluminum used in the propellant, shown in Fig. 5, was 
measured to have an average size of 107 ± 20 /xm. 

To predict the likelihood of particle agglomeration, the aluminum behavior near 
the burning propellant surface must be considered. Because of the intense heat of 



Fig. 4 SEM of aluminized propellant surface: small, reflective particles are alu- 
minum, large boulders are AP, craters from AP particles on opposing face of sampled- 
capacitance model of the chamber. 
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Fig. 5 SEM of H-95 aluminum particles loaded in aluminized propellant, average 
diameter, 106 /im. 


the propellant flame, heat is transferred back into the propellant to a thermal diffu- 
sion layer thickness, in which the propellant matrix begins to melt. This thickness 
can be approximated by L c =a/r', where a is the propellant thermal diffusivity and 
r ' is propellant burning rate. 28 At 1 3 atm, the experimental baseline pressure condi- 
tion, the burning rate is roughly 0.4 cm/s, and the thermal diffusivity can be approxi- 
mated as 0.0006 cm 2 /s for an aluminized AP/HTPB propellant. 28 Thus, the thermal 
heat-up layer is only 1 5 /tm thick, and the 1 06-,um particles are an order of magni- 
tude larger than the thermal heat-up layer thickness. As shown by Gany and Caveny, 
agglomerates are typically formed of particles that are smaller than the propellant 
reaction layer, which is even smaller than the thermal layer, allowing many parti- 
cles to collect in the reaction layer to agglomerate together. 8 The propellant used 
in the current study falls under the large particle regime in the Gany and Caveny 
model and would accordingly be expected to show little if any agglomeration. 

In real rocket motor applications, 15-20 /rm aluminum particles are typically 
used that can agglomerate in the thermal lay er of the burning propellant. The impact 
on the droplet combustion is that agglomerates have entrained propellant decom- 
position products and gases and are somewhat porous. This means that the agglom- 
erates can bum from both the exterior and interior and typically have a burning 
rate greater than pure molten aluminum droplets, such as those used in this study. 


D. Particle Quench Tests 

Particles were quenched midflight and examined under a light microscope to 
test for agglomeration and condensed alumina. The test was first conducted in 
atmospheric ambient air conditions, and particles were quenched on a glass slide. 


b) 


d) 


Fig. 6 Light-microscope observations of aluminum particles quenched during burn- 
ing: a) particles burning in ambient air quenched on glass, D ~ 140 /on, smoke at 
(r/r s ) ~ 1.6, b) particle quenched on steel plate during experiment, D ~ 105 fj,m, c) 
magnification of particle quenched on quartz plate during experiment, D ~ 1 10-//m, 
smoke at ( r/r s ) ~ 2.3, and d) further magnification of particle in Fig. 6c to show oxide 
smoke particles with D < 1 /on. 


Figure 6a is a typical image with particle diameter ~ 1 40 /im and condensed smoke 
ring at r/r s ~ 1 .6. The quenched particles were measured, and the number of loaded 
particles in an agglomerate N could then be estimated with a simple mass balance, 
Waggiom = Nm\, m u resulting in D agg io,n = N l/3 D\ oa d. The majority of the quenched 
particles from the atmosphere tests were 140-160 gm, indicating agglomerations 
of only 3 to 4 particles. The large quenched particles had the same spherical shape 
as the small particles, with similar surface roughness at the magnifications used. 
The ring of condensed oxide was at an average r/r s ~ 1 .5, with a finite thickness 
indicating a finite rate condensation mechanism. The condensed smoke particles 
typically measured less than a micrometer in diameter, although some were as 
large as 10 /i.m in size. 

Quench plates were mounted inside the chamber ~4 cm above the aluminized 
propellant sample to collect particles over the entire bum history of the cham- 
ber. Particles were first quenched on a stainless steel strip, and Fig. 6b is a 
typical image of a 105-/xm particle from the metal plate quench test during an 
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experiment. Most of the particles examined after metal plate quenching are less 
than 130 jam, and the majority of the particles were less than 1 10 /zm. The few 
agglomerates present are typically only two particles worth of agglomeration at 
most, but some large particles are large enough to be collections of four particles. 
The reduction in agglomeration compared to the ambient air test is due to the 
increased propellant burning rate and shorter propellant surface residence time. 8 
Particles were quenched on a quartz slide to observe the smoke cloud, as shown 
in Figs. 6c and 6d, where the thick oxide ring is at r/r s ~ 2.3 and the smoke par- 
ticles have diameter < 1 /zm. For the quenching tests conducted in the chamber, 
the thick smoke rings had an average outer radius of r/r s ~ 1.8 and smoke size 
of <2 /zm. That quenched smoke rings are typically near r/r s ~ 2 but that the 
experiment photographs reveal smoke clouds ranging from r/r s ~ 2-20 indicates 
that hot and dense concentrations of alumina exist far away from the droplet surface. 


E. Experiment Optics 

The burning aluminum streaks are recorded on photographic film using a Canon 
Eos Rebel G 35-mm camera with a 50-mm f/1.8 lens. For the experiments, the 
largest aperture opening was used so that the camera could pick up more light from 
the faint droplets passing through a filter and chopper-wheel masking. The camera 
timing is triggered by a mechanical pressure trigger set at the experimental study 
pressure. A timing signal is sent to the data acquisition board from the pressure trig- 
ger to verify the camera timing. Using the timing mark, shutter delay time, and shut- 
ter speed, the pressure condition for an experimental photograph can be determined. 

A Thorlabs, Inc., Model MC 100 variable frequency optical chopper was mounted 
in front of the lens and set to chop at 1000 Hz. Optical chopping gives the droplets 
a streaked appearance so that droplet images can be time resolved to give both 
droplet velocity and diameter vs time measurements. At a typical droplet velocity 
of 5 m/s, the droplet tracks are spatially separated 6 mm. 

The experimental data come solely from the images captured on film as the 
droplets bum in the chamber. This introduces a complexity into the data reduction 
because the captured images are not images of the burning droplets, but instead 
are images of their flame and condensed oxide smoke clouds. In the design of the 
experiment, visible spectra bandpass filters were used in front of the camera lens to 
limit the light observed to the wavelength for AlO emission in the blue-green spec- 
trum. The excited AlO molecules are dropping from the second excited electronic 
state to the ground electronic state in B~T, + -> X 2 £ + vibrational transitions. 7 
The largest AlO intensity band is at 484-nm wavelength, where the electronic 
state drop occurs across the lowest vibrational level of each state. 29 To filter the 
emitted light at the large 484-nm line, a Coherent-Ealing Model 35-3474 bandpass 
filter, 488 ± 8.3 nm bandwidth, was used in the experiments. 

The second large source of visible light emission from the burning droplets 
results from the thermal radiation, not only of the molten aluminum droplet sur- 
face, but, more important, of the surrounding smoke cloud of condensing AI2O3 
particles. Many researchers have discovered that thermal emission from both the 
molten aluminum droplets and the oxide smoke dominated or played a major role 
in the emitted light signal from burning droplets, causing experimental difficulty 
with measuring the droplet surface or AlO emissions. 6,30 "" 32 

To see whether the thermal radiation dominated the signal, two tests were con- 
ducted. First, a sample of the aluminized propellant was burned in ambient air 
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Bandpass Filter Range 



Fig. 7 Results from spectrometer test of aluminized propellant sample: the intensity 
is not corrected for instrument response, the positive slope of the emission follows 
a blackbody thermal emission profile, and even at 40 mm above the sample surface 
where AlO heads are visible, the curve is still dominated by the blackbody shape. 


at the focus of an Instruments ISA Model HR-320 Czemy-Tumer spectrometer 
(Fig. 7). The data presented are not corrected for instrument response. The spec- 
trometer was focused at two locations, 5 and 40 mm above the sample surface. At 
the 5-mm height, the emission was totally dominated by the blackbody emission 
profile, and no AlO emission bands are discemable. At the 40-mm height, the 
AlO bands become apparent, but their intensity does not represent a large jump in 
emission over the broadband blackbody emission that still dominates the signal. 
It is assumed that the AlO emission lines are visible at the 40-mm distance away 
from the propellant surface because the droplets are fully ignited and the gas-phase 
aluminum-combustion flame is more fully developed. Although the test shows that 
thermal emission still dominates the emitted light, Fig. 7 shows the emission for 
the 486-nm AlO emission head will be captured in the range of the bandpass filter 
used in the experiments. 

The second test conducted was to examine if a filter would pass light in a region 
where AlO is not supposed to be present. To get out of the range of emission 
heads for AlO, a 560 ±9 nm bandpass filter was used. The image captured for 
the experiment is shown in Fig. 8, where the lower filter is the typical experiment 
filter at 490 nm and the upper filter is the 560-nm filter sandwiched with a 50% 
neutral density filter to compensate for the increase in thermal blackbody emission 
at the longer wavelength. If the emitted light was AlO dominated, there would be 
little if any emitted light in the upper filter. Thus, the droplet images captured in 
the experiments are not primarily AlO emission, but are dominated by thermal 
blackbody emission. 


F. Oxidizer Study Control 

The gas composition of the chamber was determined by the combustion products 
of the main solid propellant. Because of the high temperatures inside the chamber, 
it is assumed that the product species shift quickly to equilibrium, providing a 
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Fig. 8 Experiment with two filters at different wavelengths, showing dominance of 
thermal emission: the lower filter is the typical experiment filter at 490 nm where AlO 
bands are present, and the upper filter is a 560-nm yellow filter (where no AlO bands 
are present) sandwiched with a 50% neutral density filter. 


near-constant composition in the upper part of the chamber where the aluminum 
droplets burn. The small ~0.1-g aluminized propellant sample is assumed to have 
a negligible effect on the gas composition of the products of the large ~22-g main 
propellant. Equilibrium concentrations for the experiment where calculated using 
a thermochemical equilibrium code. Propellant Evaluation Program (PEP). 33 At 
the baseline condition of 13 atm, the gas composition is calculated to be 40.7% 
H 2 0, 17.6% HC1, 12.3% C0 2 , 9.7% N 2 , 9.4% CO, 4.4% H 2 , 2.1% OH, 1.9% Cl, 
and 0.8% 0 2 . The propellant mixture yields very little excess oxygen, but ample 
water vapor and carbon dioxide are present for aluminum combustion. 

To vary the oxidizer concentration for the experiment, oxygen gas was fed into 
the chamber at a known mass-flow rate that could easily be added into the PEP pro- 
gram for calculating the new equilibrium concentrations. The measured chamber 
temperature did not vary significantly with the small amount of oxygen gas added 
to the chamber, so the high-temperature equilibrium assumption is still valid for the 
calculations of gas compositions with extra oxygen. This is reinforced by calculat- 
ing that inert mixing of the cooler oxygen gas would have lowered the chamber tem- 
perature to <2000 K, which was not observed. The calculated equilibrium oxidizer 
concentrations as a function of oxygen flow rate metered into the chamber are pre- 
sented in Fig. 9, where the dashed lines represent experimental oxygen flow rates. 
Note that although the oxygen concentration was varied over a range of 1-1 1%, 
the water vapor concentration only changed from 41 to 38%, a 3% difference. 

III. Data Reduction Technique 

A. Image Analysis 

The droplet diameters were measured after scanning and filtering the raw pho- 
tographs using a Nikon LS-2000 that scans directly from the photograph negative 
at 2700 dots per inch (dpi). A sample photograph taken of a baseline case ex- 
periment is shown in Fig. 10a. As evident in the magnified image, the actual 
boundary of the image is fuzzy and the background intensity makes the droplets 
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Fig. 9 Equilibrium oxidizer mole fraction concentrations as a function of oxygen 
flow rate metered into the chamber: concentrations are calculated using the PEP 
equilibrium code, assuming that the injected oxygen flow quickly reacts and shifts 
to equilibrium in the chamber; the dashed lines represent the different oxygen flow 
rates experimentally tested in addition to the baseline oxygen concentration (note that 
although the oxygen concentration varies over a range of 1-10%, the water vapor 
concentration only changed from 41 to 38%, a 3% difference). 


hard to distinguish in bright regions. The unclear edge of the image makes droplet 
size measurement prone to user bias, and so a MATLAB® procedure was writ- 
ten to clean and contrast the images. After setting the color photos to an 8-bit 
grayscale, an average-intensity map was made of the image. By subtracting this 
average-intensity map from the original image, the clutter of background intensity 
is removed. The new image is then passed through a high-pass intensity filter that 
effectively removes the remaining noise and leaves a 1-bit intensity map of the 
droplets, as shown in Fig. 10b. The individual droplet images are at this point 
characterized by a solid-edged boundary. 

To remove any user bias in the diameter measurement, a second MATLAB code 
automatically measures the image sizes. Because of residual noise at the image 
boundary, the width of the images is not constant over the length of the image. The 
code calculates an equivalent ellipse, and the width of the minor axis is recorded 
as the diameter. The procedure creates a set of diameter calculations for each time- 
resolved streak of a single droplet, yielding diameter as a function of elapsed time. 


B. Mathematical Analysis 

As stated earlier, classical fuel droplet combustion theory gives the diameter of a 
burning droplet as D n = Dg — kt , where n = 2. By setting D = 0, the bum time can 
be defined as r* = Dq / k. The data from the current experiment are the diameter D 
tracked in time t . To calculate n and k, the data are curve fit in the MATLAB analysis 
code to a power law of the form y=ax b . The diameter equation is rewritten as 
D = k l - /n (tb - t) l/n in the power-law format, where (tb — t) represents the time to 
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a) b) 


Fig. 10 Image processing technique demonstration: a) raw photo droplet images 
have fuzzy edges, making diameter measurements subjective to user bias; b) photo is 
processed in MATLAB® to subtract out background intensity image map, then passed 
through a high-pass intensity filter before the image is set to a 1-bit intensity map, from 
which droplet size measurements are made. 


burnout. To satisfy the definition of tb in the timescale, a valid data point requires 
a streak that bums out to zero diameter, eliminating many droplet streaks due to 
quenching on the walls or visible interference from other droplets. 

Because experimental observations are only made of the flame/ smoke cloud 
diameter in the experiment, changes in flame radius r/r s greatly influence the 
outcome of the data. Because D actU ai = Amage/(r/Vj), the diameter equation must 
be rewritten as 

Dac.ua) = k X ' n {t b - t ) ,/n 
Amage = ( r/r s )k Un {t b - t) l,n 

Thus the r/r s value only affects the leading coefficient in the curve-fit form, 
a — (r/r s )k i/n and does not affect the calculation of the n power. Accounting 
for r/r s , the burning slope is calculated as k = [a/(r/r s )]". As shown earlier, 
particles quenched in the chamber were measured to be in the same size range 
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Fig. 11 Sample curve-fit data of measured diameters of a burning droplet at 13 atm: 
the raw data measurements are in the top curve, the bottom curve diameters have been 
divided by a (r lr s ) smoke cloud radius ratio of ~9 to give an initial streak diameter 
of 106 (im, which matches the order of magnitude of the particles quenched in the 
experimental chamber (note the diameter power n is the same for both cases; it is 
shown mathematically that the k slope values are equivalent, off by a factor of (r lr s ) n . 


as the loaded aluminum. Thus, r/r s was simply calculated by dividing the initial 
flame ball diameter by 106 gm. The critical assumption of the data analysis is 
that r/r 5 remains constant throughout a single droplet bum streak. Figure 1 1 is a 
sample of curve-fit data of measured diameters of a burning droplet. The raw data 
diameter measurements are in the top curve, and the bottom curve diameters have 
been divided by a (r/r s ) smoke cloud radius ratio of ~9 to give an initial streak 
diameter of 106 /xm. The diameter power n is the same for both cases, and the k 
slope values are different by a factor of ( r/r s ) n . 

Quasi- steady models show that flame position r/r s is a function of pressure 
and the oxidizer concentration in the flow. 1518 The radius ratio r/r s has also been 
experimentally observed to be constant during droplet combustion after ignition 
transients. 21 In the experiment, we assume that the pressure and oxidizer concen- 
tration of the flow are uniform through the length of the chamber, resulting in a 
constant r/r s . 

Some droplets exhibited a transient ignition in which the smoke cloud size 
increased with time for the first few milliseconds. No droplet fragmentation, jetting, 
or exploding was observed. In the droplet bum-time analysis, the droplets are 
considered noninteracting. 


C. Uncertainty Analysis 

Uncertainties inherent in the experiment will introduce data scatter into the 
calculations of r/r s and k. In addition to the 19% scatter in the loaded aluminum 
size range, the possibility of two particles agglomerating introduces a 26% increase 
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in diameter. With no agglomeration, the measured droplets could be Do — 106 ± 
20 m, and if two particles agglomerated, the diameter could be Do = 1 34 ± 36 fim. 
Furthermore, the recorded size of the droplets will be larger because the camera is 
imaging the smoke cloud surrounding the droplet. It is assumed that variations in 
diameter are recognized by variations in the imaged smoke cloud diameter. 

Scatter is introduced in the pressure and oxygen concentration measurements 
during the open time of the camera shutter. As the camera shutter is held open, 
typically for 33 ms, the pressure rises along the pressure ramp, introducing a 
pressure increase about 0.5-1 atm. Likewise, the mass flux of oxygen drops across 
the shutter time as the 0 2 supply pressure drops by only 1-2%. 


IV. Results and Discussion 
A. Bum-Time Dependence on Particle Diameter 

The droplets do not bum with identical bum times, so a statistical data analy- 
sis is used. The results of all experimental data were examined to determine the 
diameter dependence on droplet bum time because it was found that the diameter 
dependence of bum time was independent of pressure and oxidizer concentration. 
Figure 12 is a histogram of the calculated n -power values found from the curve 
fits for D" for 63 droplet streaks from 1 1 experiments. After removing the two 
points around n = 4 as statistical outliers, the average of the data is n av = 1.65, 
with a standard deviation of a =0.55 and median of 1.51. Double peaks exists in 
the data around n = 1.1 and 1.65. The n power was found to be independent of 
velocity, initial droplet size, pressure, and oxygen concentration. Therefore, the 
two peaks in the data distribution could be two modes of droplet combustion or 
an effect of the aluminum surface oxide cap, which were not characterized by the 
measurements made in the experiment. 

For the baseline condition of 13 atm, the bum time of the burning aluminum 
droplets was approximated by r* = D„ /(280 /im'Vms), where n = 1.65 ±0.55. The 
deviation of the classical D 2 law can be expected to follow as discussed earlier. 



Fig. 12 Histogram of measured values of n power from the curve-fit data: note the 
double peak in the data around n = 1.1 and 1.6, after removing the two points around 
/I = 4 as outliers, the average of the data is n mg = 1.65, with a standard deviation of 
er = 0.55. 
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Fig. 13 Effect of equilibrium oxygen concentration at 13 atm on measured apparent 
smoke cloud image size to an assumed-constant droplet diameter of 106 /i.m; the data 
scatter renders the effect inconclusive. 


B. Effect of Oxidizer Concentration 

The amount of oxygen gas fed into the chamber was tested at flows of 0, 0.8, 1 .6, 
and 3 g/s, yielding oxygen mole fractions of 0.8, 2.7, 5.3, and 10.4%, calculated 
at thermochemical equilibrium with the propellant product gases. The addition of 
oxygen could impact not only the bum time, but also the flame standoff radius, as 
described earlier. Figure 1 3 presents the effect of equilibrium oxygen concentra- 
tion Xo 2 on the ratio r/r s of apparent smoke-cloud image size to droplet size of 
106 /xm. A negative trend is observable through curve fitting, but the data scatter 
renders the effect inconclusive. Figure 14 plots the effect of calculated equilibrium 
oxygen mole fraction Xo 2 on burning rate slope, k-(/Ltm”/ms), from the equation 
D n = Dq —kt. The slope was calculated using the average n power of n = 1.65 
for all of the data points to normalize the units. Again, the trend is considered 
negligible given the data scatter. 

The lack of an identifiable dependence of X 0l is evidence that oxygen is not the 
chief oxidizer for aluminum combustion in solid-propellant combustion product 
gases. As stated earlier, at the baseline condition of 13 atm, the oxidizer compo- 
nents are 41% H 2 O, 12% CO 2 , and only <1% O 2 . There is also a concentration 
of 18% HC1. As shown in Fig. 9, although the oxygen concentration varies over a 
range of 1-10%, the water vapor concentration only changes from 41 to 38%. 

The gas-phase aluminum-combustion mechanism is considered diffusion con- 
trolled because of the fast reaction rates at the high temperatures. Using the 
CHEMKIN transport code 34 programmed for the chamber conditions and gas 
composition (without aluminum combustion products), the mixture-averaged dif- 
fusion coefficients for the oxidizers were calculated. As shown in Table 1, the 
diffusion coefficients for the three oxidizers are the same order of magnitude. 
Assuming all of the oxidizers are consumed at the flame front and decrease linearly 
to zero across 10-2 flame radii, the diffusion rates are estimated with the molar 
diffusive flux, N^ ft _ 0X = c m i X X\>x-mixAX ox /(8/- s ), and the results are presented in 
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Fig. 14 At 13 atm, effect of equilibrium oxygen mole fraction X 0l on measured 
burning-rate slope, fc-(Arm"/ms), from the equation D" = D" t — kt; the slope was cal- 
culated using the average n power of n = 1.65, and the trend is considered negligible 
given the data scatter. 


Table 1. Water diffuses two orders of magnitude and CO 2 one order of magnitude 
faster than oxygen. 

Because the diffusion coefficients for the oxidizers are on the same order of 
magnitude, reaction rates are also compared. When investigating reaction kinetics, 
several reaction mechanisms must be considered for the aluminum-combustion 
reaction because 0 2 , C0 2 , H 2 0, and even HC1 can contribute to the combustion 
of Al(g). Table 2 lists second-order reaction rates. 15 

Although the temperature ranges of most of the reaction rates are lower than the 
aluminum flame temperature, the rates will be used here for comparison purposes. 
Evaluated at 3800 K, the H 2 0 and C0 2 combustion rates are an order of magnitude 
larger than the 0 2 rate, which is two orders of magnitude faster than the HC1 rate 
(Table 3). Similar results were obtained by using reaction rates used by Widener 
et al. 9 By describing the combustion of Al(g) by the forward reactions only, the 
contribution of the individual reactions can be compared by the product of the 


Table 1 Equilibrium oxidizer mole fractions X 0K , CHEMKIN 
calculated mixture-averaged diffusion coefficients £> os . mix 
(without Al combustion products) and estimated molar 
diffusion flux 


Oxidizer 

Equilibrium 

Acx, % 

V 

^ox-mix 1 

cm 2 /s 

^diff-ox’ 

mol/cm 2 -s 

h 2 o 

41 

0.8 

5 x 10- 4 

co 2 

12 

0.4 

8 x 10" 5 

0 2 

0.8 

0.6 

7 x 10' 6 
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Table 2 Second-order aluminum combustion reactions from NIST database 35 


ki (Reference) 

Reaction 

Rate, cm 3 /mol-s 

Data temperature 
range, K 

kl (37) 

Al(g) + H 2 0(g) -» A10 + H 2 

60.5 T 3 - 59 exp(525A"/r) 

298-1174 

kl (38) 

Al(g) + C0 2 -y AlO + CO 

6.75 x 10 15 exp(-10689JsT/7’) 

1500-1880 

« (39) 

Al(g) + 0 2 AlO + O 

2 x 10 13 

300-2000 

k4 (40) 

Al(g) + HC1 ->■ A1C1 + H 

3.3 x 10 u exp(— 3925AT/7’) 

1000-4000 


reaction rate by the oxidizer, ki ■ [X OXj ,]: 
d[Al] 

- = — H[A1][0 2 ] - &2[A1] [C0 2 ] - fc3[Al][H 2 0] - M[A1][HC1] 
at 

Figure 15 is a plot that compares these reaction contributions to the aluminum 
combustion where the molar concentrations are calculated at 13-atm pressure. 
As shown in Table 3, the H 2 0 and C0 2 contributions are two to three orders of 
magnitude faster than the oxygen contribution at 3800 K, and the HC1 contribution 
is an order of magnitude less than the 0 2 rate. 

The heats of combustion for the three main oxidizers at 3800 K are calcu- 
lated using the JANAF tables 36 to be Ah c j = -3.071 kJ/mol A i for k 1 (H 2 0), 
A/j c ,2 = — 17.649 kJ/moUi for kl (C0 2 ), and A/t c> 3 = 492.09 kJ/mol A i for k3 (0 2 ). 
Thus, the water vapor and carbon dioxide reactions are slightly endothermic, and 
the oxygen reaction is the exothermic reaction that supplies heat. If one mole of 
aluminum reacts with one mole of the oxidizer mix consisting of 1 part 0 2 , 15 
parts C0 2 , and 51 parts H 2 0, then k3 (0 2 ) would supply 7.38 kJ of heat, kl (H 2 0) 
would require 2.34 kJ, and kl (C0 2 ) would require 3.94 kJ. 


C. Effect of Pressure 

The camera shutter was triggered to image data at chamber pressures of 13, 17, 
19, and 22 atm. Although the high-pressure data were collected at the end of the 
propellant bum as shown in Fig. 3, there should be no significant change in propel- 
lant composition at the end of the bum. In addition, thermocouple measurements 
do not show a significant temperature change for the chamber throughout the pro- 
pellant bum. As with the oxygen addition tests, the change in pressure could alter 
both the bum time and the flame/smoke cloud standoff radius. Figure 16 presents 
the effect of chamber pressure on the radius ratio r/r s of the apparent smoke-cloud 
image size to droplet diameter of 106 fj,m. A power-law curve fit demonstrates 


Table 3 NIST reaction rates at 3800 K and 
contribution to aluminum combustion at 13 atm 


Reaction Rate, cm 3 /mol-s ki • [X ()X I ], 1/s 


kl (H 2 0) 
kl (C0 2 ) 
k 3 ( 0 2 ) 
k4 (HC1) 


5 x 10 14 
4x 10 14 
2 x 10' 3 
1 x 10" 


8 x 10 15 
2 x 10 15 
7 x 10 12 

9 x 10 11 
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Fig. 15 Reaction contribution to aluminum combustion vs temperature: the reac- 
tions are referenced in the NIST database 35 and the molar concentrations are at 
chamber baseline conditions of 13 atm. Note that the water H 2 0 and C0 2 contri- 
butions are two to three orders of magnitude faster than the oxygen contribution at 
3800 K. 


that ( r/r s ) oc p~ 23 , that is, that the image size of the apparent smoke cloud shrinks 
with increasing pressure. 

Figure 17 plots the effect of chamber pressure on burning-rate slope, k-(/z m"/ms), 
from the equation D n = D£ - let. The slope was again calculated using the av- 
erage n power of n — 1 .65 for all the data points to normalize the units. The 
curve-fit shows a trend where k oc p° 98 (i.e., the burning rate increases linearly 
with pressure over the experimental pressure range), which is a larger effect than 
reported in past literature. The classical formula for bum-rate, or evaporation 
constant, is k = 8 pVf/pi ■ + B), where B = (Y/. s - Y f _ oo)/(l - T/. s ), the 



Fig. 16 Effect of chamber pressure on measured smoke cloud size to 106 pm, ( r lr s ): 
an effect is demonstrated with the curve fit that ( r lr s ) oc p~ 2 3 , that is, the image size 
shrinks with increasing pressure, over the range 13 < p < 22 atm. 
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Fig. 17 Effect of chamber pressure on measured burning rate slope, k-(pm n /ms), in 
the equation D n = DJ — kt ; the slope was calculated using the average w-power of n = 
1.65, and the least-squares curve fit shows a trend where k oc p 0 98 , that is, where the 
burning rate increases linearly with pressure over the experimental pressure range. 


Spalding transfer number of fuel mass fraction. 18 In this classical model, the pres- 
sure linearly affects the burning rate through the gas density, p — p/RT. Typically, 
the fuel diffusion coefficient is considered inversely proportional to pressure, which 
would effectively reduce the effect of pressure on bum rate. However, such an ef- 
fect is not observed here, indicating the gaseous medium transport properties are 
more important. The cause of this observation is not well understood. Kudryavt- 
sev et al. proposed that the presence of the submicrometer AI2O3 on both sides 
of the flame front interferes with the diffusion of both fuel and oxidizing species 
at low pressure. 16 Thus, at lower pressures, the diffusion coefficient is lower than 
expected, but this effect is reduced with increasing pressure, making the diffusion 
coefficient resemble the expected value at higher pressure. A possible net effect is 
a diffusion coefficient that appears pressure independent. 


V. Conclusions 

The combustion behavior of aluminum droplets was studied in a solid-rocket 
chamber flowfield. Rocket motor chamber conditions were generated directly from 
the product flow of an AP/HTPB solid propellant. The aluminum droplets were 
bom from a second aluminized solid-propellant sample loaded with 106-/xm par- 
ticles. Chamber conditions were controlled to study aluminum combustion as a 
function of pressure and oxygen concentration. The experimental test conditions 
were 13-22 atm pressure and ~2300 K temperature. 

Droplets were tracked with an open-shutter 35-mm camera using a narrow band 
filter and 1-kHz chopper wheel. It was experimentally determined that the thermal 
emission from the hot oxide smoke particles dominates the emitted light of the 
burning droplets, instead of excited AlO emission. Burning droplets were quenched 
in the chamber and found to be typically the same size as the loaded aluminum 
particles, with thick smoke rings at r/r s ~ 2 and oxide particles <2 /xm in diam- 
eter. Because the data images were considerably larger, r/r s ~2-20, the alumina 
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concentration must be hot and dense far away from the droplet surface. This 
apparent smoke size ratio experimentally varies with pressure by ( r/r s ) a p~ 23 , 
but varies weakly with oxygen concentration. 

The data show that the diameter dependence on bum time does not strictly follow 
the classically predicted D 2 , but instead follows D n , where n is found to be 1 .65 ± 
0.55. The burning rate slope k defined in the equation D n — D^-kt, is found 
to vary little with oxygen concentration, but does increase with pressure over the 
range of study. The weak dependence of k with oxygen concentration indicates that 
oxygen is not the primary oxidizer for aluminum combustion in solid-propellant 
combustion products. This is supported by calculations of reaction rates for H 2 0, 
C0 2 , and 0 2 . This contradicts recent literature that shows 0 2 as the strongest 
oxidizer. 5,6,27 The water vapor and carbon dioxide concentrations and reaction 
rates are much larger than the corresponding oxygen values. Last, the measured 
effect of pressure on bum time follows the classical prediction of the linear pressure 
effect on gas density, indicating the dominance of the gas flow state properties. 

In future studies, instrumentation will be developed to allow direct droplet diam- 
eter measurement to eliminate error introduced in the current technique of measur- 
ing the smoke cloud. Possible techniques are shadowgraph imaging, absorption, 
and laser-induced fluorescence. Additional experiments should also be conducted 
with elevated pressures and varying levels of water vapor and C0 2 in the chamber 
to verify the current conclusions. Finally, the combustion of agglomerated parti- 
cles should be studied because aluminum particles in real rocket motors typically 
agglomerate at the propellant surface. The composite nature of the agglomerations 
introduces complex combustion irregularities such as Assuring and fragmenting. 
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Formation of Condensed Combustion 
Products at the Burning Surface of Solid 
Rocket Propellant 

V. A. Babuk,* V. A. Vassiliev^ and V. V. Sviridov t 
Baltic State Technical University, Saint Petersburg, Russia 


Nomenclature 

D = diameter of agglomerate 

d = diameter of smoke oxide particle 
D43 = mass-medium diameter of agglomerates 

- mass-medium diameter of AP particles 
r/43 = mass-medium diameter of smoke oxide particles 

F = force 

f m (D) = mass function of agglomerate size distribution density 
fm(d) = mass function of smoke oxide particle size distribution density 
P = pressure 

T = temperature 

Ti = luminance temperature 

X = distance from propellant burning surface 

Z m = share of unbumed metal in agglomerates relative to the original 

aluminum in the propellant 

Z“ = share of original metal in the propellant used to form the 
agglomerates as a whole 

Z° x = share of original metal in the propellant used to form oxide 
in the agglomerates 

r 1 = mass share of oxide in agglomerates 

r = time 


Copyright © 2000 by the American Institute of Aeronautics and Astronautics, Inc. All rights 
reserved. 
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I. Introduction 

A N INDISPENSABLE component of a high-energy solid rocket propellant 
(SRP) is a metal fuel (MF) such as aluminum. An obvious result of the 
presence of aluminum in a propellant is the formation of condensed combustion 
products (CCP). This causes a number of essential problems in the functioning of 
solid propellant motors. A large amount of CCP can deposit on motor parts, which, 
in turn, leads to slag formation, an increase in rocket mass, and a decrease in rocket 
range. The presence of CCP in propellant combustion products can also damage 
motor parts and reduces the specific impulse value. At present, it is commonly 
acknowledged that the CCP of aluminized solid rocket propellants, even close to 
the burning propellant surface, consist of agglomerates and smoke oxide particles 
(SOP). While the size of agglomerates may reach hundreds and even thousands of 
micrometers, the SOP sizes are of the order of 1 gm. Agglomerates resulting from 
the coalescence of aluminum particles in the propellant surface layer may include 
aluminum oxide and other condensed products (such as binder residues). The CCP 
formation in the motor chamber comprises a number of stages. The first stage is the 
CCP formation at the propellant burning surface. This is the process directly con- 
nected with propellant combustion. The key role here is played by agglomeration. 

This chapter surveys the authors’ previous experimental studies on SRP com- 
bustion that consider CCP formation at the propellant burning surface. The paper 
presents data on experimental techniques and experimentally registered regulari- 
ties and formulates general physical ideas concerning the CCP formation process. 
Propellants used in the studies had different compositions, with various types and 
percentages of components. Granular ingredients were of different particle sizes. 
In most studies, the aluminum content was in the range of 20-26%. 


II. Experimental Technique 

The experimental studies were aimed at obtaining information on both micro- 
and macroscopic regularities in CCP formation. Microscopic regularities are un- 
derstood as regularities that determine the nature of particle formation, while 
macroscopic regularities are those that establish the relationship between particle 
characteristics and propellant compositions as well as their combustion conditions. 
A set of techniques has been developed to solve the stated problems. 


A. Visualization of the Combustion Zone 
and Temperature Measurements 

Visualization of the propellant burning zone was carried out using video record- 
ing under natural illumination. 1,2 The propellant burning surface and the above- 
surface zone of the gas phase were studied using a high-speed SKS-1M (Russian- 
made) movie camera. The framing rate varied from 1000 to 4000 frames/s, and 
the optical system provided for a magnification of 1.5 to 4.5. For the visualiza- 
tion studies, the propellant specimens were burned in a constant-pressure bomb as 
shown in Fig. 1. The use of inert gas allows us to maintain the desired pressures 
and to maintain optical transparency. The propellant specimen was cut at a 45 deg 
angle from the side, facing the camera. To measure the temperature of particles 
within the observed combustion zone, a video pyrometer was constructed based on 
the SKS-1M movie camera. Temperatures were taken by the luminance method 
with photometric registration. The method is simple and highly illustrative, as 
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measurement is simultaneous with the visualization of a radiating object. To mea- 
sure the temperature of an object, its image on the film is used. Using this approach, 
temperatures of different parts of the object may be measured. In addition, a color 
spectral pyrometer was constructed for the purpose of measuring temperatures. 3 It 
is a spectrograph with two radiation receivers (germanium photodiodes capable of 
receiving radiation in two spectral bands) mounted on the focal plane of the spec- 
trograph. The band width is determined by the size of a photodiode light-sensitive 
area and the spectrograph magnification power. The photodiodes are capable of 
moving on the focal plane, which ensures the selection of any desirable spec- 
tral bands within the spectrograph range. The selected spectral bands were in the 
visible band, with effective wavelengths of 0.75 and 0.63 m. Signals from the 
photodiodes were amplified and then recorded. 

The spectrograph inlet tube was equipped with a horizontal slot in addition to 
an available vertical slot. During the experiments, the flame is projected on the 
spectrograph slots, and as the burning surface moves, the radiation from all flame 
zones, beginning with the burning surface, is continuously recorded. The recorded 
radiation, and consequently the temperature, is averaged for the area cut off by 
the slots. The vertical slot was 200-300 jttm long, and the horizontal slot was 
50-100 /xm. The dimensions of the slots are smaller than the distances between 
agglomerates in the gas phase, so that the pyrometer provides measurements of 
temperature profiles in the gas phase at the propellant burning surface. The py- 
rometer was also used to measure the temperature of agglomerating particles on 
the propellant burning surface. Results of the spectral study confirm that the color 
temperature values of the objects under study are close to the actual values. 


B. Surface Layer Study 

The surface layer is understood as a three-dimensional area of condensed phase, 
which is adjacent to the interface between the condensed and the gas phases. Within 
the surface layer, processes determining the properties of the CCP supplied to 
the gas phase take place. To understand the nature of these processes, it is vital 
to know the morphological, chemical, and other properties of the surface layer. 
One possible method of studying the surface layer is propellant quenching, along 
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Propellant specimen 



Fig. 2 Propellant specimen on an active base. 


with subsequent study of the combustion residues. This method provides a wide 
range of surface layer characteristics. All quenching methods are based on creating 
conditions for upsetting the thermal mode of combustion. The most widely used 
methods are 1) pressure drop and 2) thermal quenching through bases possessing 
a high heat conductivity. 4 5 These methods, however, appear to be problematic. A 
pressure drop causes a sharp increase in the rate of gaseous products leaving the 
propellant burning surface (through the surface layer). This causes distortion of 
the surface layer structure due to the increased aerodynamic force and, as a result, 
removal of agglomerating particles from the burning surface. It is worth noting 
that agglomerating particles have never been registered on a propellant surface 
quenched by the pressure-drop method. The second method does not suffer from 
this problem and is widely used in studies of double-base propellant surface layers. 6 
There is, however, a wide range of high-energy propellants that cannot be quenched 
with bases having high thermal conductivities. 

Two different approaches have therefore been developed. 1 7 The first is based on 
the use of active bases (Fig. 2). The active base is made of a substance with a de- 
composition temperature close to the onset temperature of the binder gasification, 
and its decomposition products are practically inert to the propellant combustion 
products. The listed requirements are met largely by ammonium-containing sub- 
stances, in particular, ammonium carbonate, ammonium oxalate, and others. These 
substances have comparatively low decomposition temperatures (80-120°C) and 
a highly endothermic effect and are distinguished by extensive release of gaseous 
NH 3 . Propellant combustion ceases on the active bases in the following way. When 
the combustion wave comes to the interface between the propellant and the base, 
heat is removed from the combustion zone to the base material. An intensive gasi- 
fication of the base material leads to forced filtration of low-temperature products 
through pores in the condensed-phase reaction zone and, consequently, to a distur- 
bance of the combustion thermal profile and resultant propellant quenching. After 
each experiment, a layer of the undecomposed binder with metal and oxide inside 
remains on the base. The experimental results on propellant specimen combustion 
with active bases in constant-pressure bombs confirm the reliability of quenching. 

The second approach is based on the following considerations. The results of 
temperature measurements 2 suggest that there are burning metal particles on the 
propellant surface. The temperature of those particles is considerably higher than 
the environmental temperature. Consequently, the surface layer should contain 
heat-resistant structural elements, which can be decomposed (gasified) only under 
the effect of a high-temperature active gas flow of the propellant combustion prod- 
ucts. After the combustion is completed, there must remain residues representing 
the upper portion of the surface layer. If these residues are preserved intact, then it 
is possible to study the surface layer properties. This approach was realized with 
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the help of inert bases in the following way. The propellant specimen was pressed 
onto a flat base to ensure good contact of the specimen with the base. Combustion 
was carried out in a constant-pressure bomb with an inert-gas environment. After 
the propellant combustion was completed, the surface layer residues remained on 
the base and were studied afterward. 

During the interaction of the combustion wave and inert base, the parameters of 
the wave underwent some changes. This behavior can also influence the properties 
of the surface layer. To evaluate the significance of this phenomenon, experiments 
were carried out with various types of base materials, e.g., copper, quartz glass, and 
composite materials, which differed considerably in their thermophysical charac- 
teristics. The experimental data showed an insignificant effect of the base material 
type on the residue properties. This result is apparently a consequence of a compar- 
atively high lag of the processes governing the structure of the upper portion of the 
surface layer. The quenched products and the combustion residues obtained using 
the active and inert bases were comprehensively studied. Chemical composition 
parameters and geometric dimensions of the surface layer were determined. Qual- 
itative characteristics of the surface layer structure were studied using an optical 
microscope. The parameters of the surface layers were found to be approximately 
the same for both approaches. We consider this fact as clear evidence of reliability 
of the experimental data obtained. 


C. Propellant Structure Study 

The propellant structure is understood as a three-dimensional configuration re- 
sulting from the presence of the oxidizer powder. The oxidizer particle properties, 
as well as the structural formations (“pockets” and “interpocket bridges”) formed 
by the oxidizer particles, were carefully investigated by various researchers. 8-11 
The general concept of the pocket appeared in the work of Price and Crump 8-10 
in the mid- 1 960s. For mathematical modeling, the pocket concept was first used in 
the studies by Cohen 1 1 and Grigoriev et al. 12 The term pocket denotes an enclosed 
volume composed of binder and MF that is confined from all sides by oxidizer 
particles and interpocket bridges. The interpocket bridge is understood as a part 
of the propellant composition confined by two adjacent oxidizer particles taking 
part in the formation of a common pocket. Experience gained in studying agglom- 
eration showed that it is expedient to introduce the pocket concept, and thus it 
is necessary to determine characteristics of the pockets for various propellants. 
The experimental technique for the study of the propellant structure is presented 
in Refs. 1 and 7. From the general ideas about agglomeration, it was assumed 
that pocket formation could be realized under the following conditions. The size 
of oxidizer particles constituting the pocket should be commensurate with each 
other and with the pocket size and should considerably exceed the original metal 
particle size. The pocket is a formation of an irregular shape. To make the pocket 
characteristic more definite we introduce the notion of an equivalent sphere, the 
volume of which is equal to the pocket volume. The sphere diameter is taken as a 
geometric characteristic of the pocket. 

Because the experimental study of three-dimensional structures is complicated, 
this problem cannot be practically solved. Therefore, the study is based on plane 
structures. A similar approach is widely used in the analysis of alloy compositions, 
the mineralogical composition of rocks, and other things. 13 In this approach, the 
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Fig. 3 Cut of a composite SRP containing AP and HMX. 

ratio of the specimen volume to the total volume is very low, as a rule, but this factor 
does not preclude extrapolation of the specimen analysis results to the total volume. 
A quantitative microscopic analysis generally uses die Deless planimetric method 
and the Rosival linear method, based on the Cavaliery-Aker principle, 13 ' 14 which 
states that “portions of a phase/component of an alloy/mixture are equal within 
its volume, cross section, and the line running through it.” Random distribution of 
the oxidizer particles throughout the propellant ensures statistical equality of 
all the cross sections and, thus, the applicability of the Cavaliery-Aker princi- 
ple to the propellant structure. 

The structure study was carried out using photographs of the cutoff sections of 
composite SRP as shown in Fig. 3. To obtain clear interfaces between oxidizer 
particles and pockets, the oxidizer crystals, such as ammonium perchlorate (AP), 
ammonium nitrate, and ammonium dinitramide (ADN), were dissolved in water. 
It should be noted that crystals of cyclotetraethylene tetranitramine (HMX) were 
not dissolved in water. The picture of the cuts was taken with side illumination to 
increase the degree of contrast. The oxidizer content was measured by the linear 
method, and the size distributions of the oxidizer particles and pockets were deter- 
mined by the planimetric method. Pockets were identified heuristically on the basis 
of the above-mentioned reasons. To measure areas, the method of superimposing 
equivalent figures (circles) of known areas was used. The function of the oxidizer 
particle size distribution was found by the Shile-Schwarz-Saltykov method. 13 



D. Quench Collection of CCP Particles 

Both the agglomerates and the SOP were sampled using the quench-collection 
method described in Ref. 15. Sampled particles were subjected to a comprehensive 
analysis. The function of the particle size distribution and the particle chemical 
composition was found, and the particle structure was studied. The analysis was 
carried out separately for two main fractions: agglomerates and SOP. The fractions 
were separated using screens. It was assumed that particles larger than 30 jum 
were agglomerates, and those smaller than 30 ^m were SOP. In carrying out the 
size analysis, histograms were measured first, and then average sizes and size 
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distributions of particles were determined. In addition to these data, the following 
integral characteristics were found: Z® , Z m , Z° k , and r). 15 

III. Agglomeration Behavior 

The experimental results allowed us to establish the principal regularities of 
agglomeration. These regularities involve the conditions of the agglomerate for- 
mation and agglomerate properties as functions of various factors. 


A. Agglomerate Structure 

Analysis and comparison of the data obtained in various experimental investiga- 
tions allow us to formulate the following ideas about agglomerate structure. 1,216 
Agglomerates are systems of aluminum and alumina drops, which may contain 
gas bubbles. These systems are in a condition close to equilibrium, with the system 
surface energy striving for a minimum level. Figures 4—1 1 illustrate evidence of 
the above statement. Depending on the specific features of their composition, the 
agglomerates can be divided into two types. The first type includes agglomerates 
called "matrix” agglomerates. Such an agglomerate presents a spherical alumina 
particle incorporating separate aluminum drops: as a rule, a few comparatively 
large and many small drops (Figs. 5 and 6). The metal drops are found largely at 
the interface between the liquid oxide and the gas phase. Some metal drops can be 
completely encapsulated with the oxide. The second type of agglomerate has some 
quantity of oxide at its surface in the form of drops (Figs. 7 and 8). This oxide 
has been given the name “cap” oxide. Matrix agglomerates are usually larger than 
agglomerates of the second type. 

Taking the aforementioned into account, the agglomerate structure is deter- 
mined by its type, the quantities of component substances, and their surface prop- 
erties such as the surface tension at the alumina/gas, alumina/aluminum, and alu- 
minum/gas interfaces. The surface of metal drops in agglomerates is related to 



Fig. 4 Agglomerates quenched and collected from the above-surface zone. 
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Fig. 5 “Matrix” agglomerate after etching with acid. 


the gaseous product flow, which ultimately forms the combustion product trail 
as shown in Figs. 9-1 1. It should be noted that video recording without external 
illumination at low pressures very often does not provide registration of the trail 
for comparatively small particles, because of a decrease in the radiation from the 
products forming the trail. This is also confirmed by the temperature measurements 
and the data obtained from video recording with external illumination. 

The temperature of the agglomerating particles is higher than the aluminum ox- 
ide melting point. The measurements at atmospheric pressure performed using the 



Fig. 6 Microsection of the “matrix” agglomerate. 
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color spectral pyrometer show that the temperature is in the range of 2350-2600 K. 
The luminance temperature T L of the agglomerating particles (metal and oxide), 
determined with the video pyrometer, has values in the range of 2100-2200 K for 
the metal and 2300-2400 K for the oxide as shown in Fig. 9. The difference in 
those values is an obvious consequence of the difference in optical properties of 
the metal and oxide. 17 The regularities described are the most general ones. For 
pressures close to atmospheric, however, and for propellants with a comparatively 
low burning rate, other formations, referred to as aggregates, are occasionally reg- 
istered. Aggregates are fragments of the upper portion of the surface layer that 
include carbonic elements and burning metal particles. At some distance from the 
propellant burning surface the aggregates take a regular spherical shape. They are 
analogues of the agglomerates registered in the combustion of double-base metal- 
ized propellants. 18 In general, experiments showed that the aggregates do not play 
a significant role in the combustion of high-energy composite SRP at pressures 
higher than atmospheric pressure. 
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Fig. 9 Agglomerating particle on the propellant burning surface. 

P = 0.1 MPa P= 1.2 MPa 



Fig. 10 Agglomerates of the second type in the gas phase. 



Fig. 11 “Matrix” agglomerate in the gas phase. 
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B. Agglomerate Formation Conditions 

Using a high-speed video camera, the results of visualization based on the light 
from the propellant burning surface allow us to establish the following . 1,2 In the 
process of combustion on the surface, particles appear that are considerably larger 
than the original metal particles. These particles are retained on the propellant 
surface for some time. During that time, the particles grow in size (fusion of adja- 
cent particles can be clearly seen). Then the particles break off from the propellant 
burning surface, i.e., agglomerates are produced and move into the gas phase. The 
agglomerate properties and specific features of the agglomeration give grounds to 
assert that the fusion of particles incorporating burning metal drops takes place 
during the agglomerate formation. The temperature of fusing particles exceeds the 
oxide melting temperature. This being so, the fusion takes place in accordance 
with the regularity behavior of liquid under conditions where surface tension is 
the dominant force. The burning particle may be retained on the propellant sur- 
face for a considerable time, which is commensurate with its combustion time. 
At atmospheric pressure, the residence time reaches ~50 ms. Consequently, we 
cannot assume, based on the results of a number of theoretical models , 19,20 that 
particles leave the burning propellant surface just after being ignited. The above- 
stated observations give grounds to assume that the top part of the surface layer 
contains a specific structure, ensuring quite long residence of high-temperature 
particles. The experimental results of the CCP study , 1,3,7 including study of the 
combustion residue on various bases and visualization of the burning propellant 
surface, allowed us to confirm this assumption. 

In the combustion of all the propellants being studied, in the upper part of 
the surface layer we can distinguish the condensed-phase zone, consisting of 
metal, its oxide, and a small amount of carbonic elements. This zone is called 
the skeleton layer (SL). It is defined as a gas-permeable three-dimensional struc- 
ture consisting mainly of the metal and its oxide, as well as thermostable carbonic 
elements. The combustion zone, where decomposition of the binder into gaseous 
products and solid-state carbonic elements is largely completed, is considered 
to be the lower part of the SL. On the upper surface of the SL (facing the gas 
phase), the coagulating particles, after breaking away from it, form the agglomerate 
flow. 

The SL properties may differ in important ways for different propellants. De- 
pending on the SL properties, we can single out at least two propellant classes, 
which we designate A and B (Fig. 12). For class A propellants, the basis of SL is 
the carbon skeleton — an aggregation of thermostable products of unfinished binder 
decomposition. Pores of the carbon skeleton are filled to a large extent with the 
liquid metal and oxide (Fig. 13). The pore coherence and presence of the liquid 
in them have a large effect on the high metal and oxide binding within the SL. 
The movement of the SL upper surface occurs as a result of the carbon elements 
burning out. The opening of the pores on the surface leads to the appearance of 
new particles formed by liquid A1 and AI 2 O 3 . The binding of these particles (oxide 
of the particles) with the SL elements (first with the oxide) ensures a high level of 
adhesion forces. 

For class B propellants, the SL upper layer consists of the melted original metal 
particles coated with solid oxide films and bound together in the spots where the 
film is broken (Fig. 12). Ignition of these particles leads to oxide film melting and 
particle fusion. As a result, individual fragments of SL form united particles, which 
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Fig. 12 Sketch of the skeleton layer (SL) in combustion of propellants of a) class A 
and b) class B. CS, carbon skeleton. 


are subsequently retained on the SL upper surface for some time. As SL does not 
include the liquid oxide in the case of class B propellants, it is possible that the 
adhesion force level is lower than that for class A propellants. The ignition and 
fusion processes of the metal particles in SL determine the movement mechanism 
of the SL upper surface in the combustion of class B propellants. 

The peculiarities of class A propellant combustion are enhanced by the chemical 
composition factors leading to earlier ignition of metal particles. In particular, 
typical representatives of class A propellants are propellants containing fine metal 
particles with a specific surface of about 1 00 m 2 /g. Class B propellants are generally 



Fig. 13 Lower part of the skeleton layer for a class A propellant (P = 0.5 MPa). 
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Table 1 Propellant compositions of typical representatives of classes A and B 


Ratio of large- 



Type and content 


Specific surface 

to small-size 

Propellant 



Content of 

of powdered Al, 

fraction 

class a 

Binder 

Oxidizer 

aluminum 

m 2 /g 

of oxidizer b 

SRP-1, A 

SRI, 12% 

ADN, 68% 

20% 


85/15 

SRP-2, B 

SR2, 10.8% 

AP, 65.2% 

24% 


75/25 


a SRl and SR2 — binders based on hydrocarbon polymer plasticized with special oil. 

b The large-size fraction of granular ADN is about 160 /on. and that of granular AP is 160-316 jtm. 

The small-size fraction of ADN and AP is less than 50 fim. 


based on an inert binder, AP, and A1 powder with a specific surface less than 1 m 2 /g. 
Typical propellant compositions of the two classes are given in Table 1 . A number 
of propellants cannot be unambiguously classified as either A or B. Depending on 
pressure, the regularities of both class A and class B propellants are observed in 
their combustion. 

SL is of fundamental importance in agglomeration. In fact, the high percentage 
of the metal and its oxide binding within SL ensures the possibility of the fusion 
of the original particles, and the presence of adhesion between growing particles 
and the SL elements provides for their retention on the burning surface and further 
growth. The breaking-away of the particles from the SL surface takes place when 
the adhesion forces are weaker than the separation forces. The separation process 
can be understood in different ways, including by means of cohesion (Fig. 14). An 
important circumstance is worth noting: SL does not take up all of the propellant 
burning surface that is free of the oxidizer particles. The SL formation takes place 
only within “pockets” and does not comprise “interpocket bridges.” The absence 
of SL on the burning surface means the impossibility of agglomeration. Thus the 
interpocket bridges supply into the gas phase metal particles that are not involved 
in agglomeration. 



1500 |im 

I 1 


Fig. 14 Breaking-away of agglomerate from the surface of the skeleton layer in com- 
bustion of a class A propellant at 0.1 MPa. 
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C. Influence of Propellant Composition and Combustion Conditions 
on Agglomeration Behavior 

The degree of agglomeration can be characterized in terms of the MF involve- 
ment in the agglomeration process. This characteristic can be evaluated by the 
parameter Z & m . It should be noted that the measured values of Z® are lower due to 
conversion of agglomerate aluminum to SOP while burning in the gas-phase mode 
on the propellant burning surface as well as in the gas phase (before quenching). 
A portion of the original MF equal to (1 - Z® ) determines the amount of SOP 
formed at the propellant burning surface. 

The relation of Z® to the oxidizer particle sizes, and consequently to the propel- 
lant structure, is clearly observed. We can nearly consider the universal statement 
that the value of Z a m increases with an increase in oxidizer particle size. For propel- 
lants with comparatively small oxidizer particle sizes, however, this statement is 
not correct. The above regularities can be illustrated using data obtained in experi- 
ments with AP-based propellants in which the oxidizer particle sizes were varied 15 
(Fig. 15). With a decrease in AP particle size, the Z® value first decreases to a 
minimum value and then increases with a further decrease in oxidizer particle size. 
The effect of pressure on Z® is small. But for the B class of propellants, an essential 
decrease in Z^ with increasing pressure is recorded. 1,7 When the pressure exceeds 
a certain value, called the critical pressure P**, we observe a comparatively abrupt 
decrease in the mass of agglomerates (parameter Z® ) and an increase in their oxide 
content (parameter ??) (Fig. 16). A further pressure increase does not change these 
characteristics significantly. The analysis of temperature profiles in the above- 
surface zone of the gas phase allows us to draw the conclusion that this peculiarity 
is related to the intensification of metal-agglomerate combustion in this zone. 3,21 
The critical pressure value increases with the growth of agglomerate sizes. Temper- 
ature profiles in the above-surface zone of the gas phase are dependent on pressure. 
Transition from the low-pressure region to the high-pressure one is accompanied 
by an increase in the maximum temperature in the above-surface zone of the gas 
phase and an increase in the distance from the burning surface (Fig. 17). 3,21 

The size and structure of agglomerates depend to a considerable degree on the 
pressure. 1,7 Let us examine these dependencies as applied to propellants of various 
classes. 



Fig. 15 Dependence of Z® on mass-medium diameter of AP particles for propellants 
presented in Ref. 14. 
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Chapter 2.22 


Measurements of the Physico-Chemical 
Properties of Liquid Alumina Using 
Contactless Techniques 

Francis Millot,* * Benoit Glorieux,* and Jean Claude Riffled 
Centre National de la Recherche Scientifique, Orleans, France 


I. Introduction 

A THOROUGH understanding of the properties of liquid alumina is important 
for the provision of propergol containing aluminum combustion in rockets. 
Most of the physico-chemical data on liquid alumina were obtained in the 1960s 
and 1970s with experimental techniques that involved a contact with a crucible 
(generally Mo or W). 

Although contactless devices have been available for some time for use under 
microgravity conditions, they have also recently been developed for use in Earth’s 
gravity, at least for oxides. 1-5 They consist of a levitation system (aerodynamic 
or aeroacoustic levitation) and of a heating device (CCF lasers). Figure 1 presents 
a schematic example: a gas is flown at about 1 1/mn through an optically polished 
convergent divergent nozzle made of an A1 alloy cooled with a water circuit. 
A spherical droplet (2-5 mm in diameter) is maintained in the liquid state by 
impinging two 10.6-q.m wavelength beams produced by two CO 2 lasers. These 
beams are almost completely absorbed by the alumina and almost completely 
reflected by the aluminum nozzle. 

The temperatures of the two poles of the drop are measured with two pyrometers. 
It is then possible to adjust the power of the two lasers to have the same luminance 
temperature within 20 K. 

New methods of contactless measurements on levitated liquid oxides have been 
reported periodically during the few last years; density, 4 - 6 surface tension, 7 vis- 
cosity, 8 electrical conductivity, 9 liquid structure by nuclear magnetic resonance 10 
and x-ray diffraction 11 and Extended X Absorption Fine Structure 12 techniques. 
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Fig. 1 Schematic view of an aerodynamic levitation device for thermophysical prop- 
erty measurements: 1 — water cooling tubes, 2 — gas inlet for levitation, 2) — NaCl single 
crystal window, 4 — aluminum alloy convergent divergent nozzle, 5 — pyrometer, 6 — 
C0 2 laser beam, 7 — high-speed digital camera, and 8 — liquid sample. 


This chapter presents a review of the results on liquid alumina, most of them 
obtained using techniques that use a crucible, and also the state of the art concerning 
contactless measurement of the properties of liquid alumina. 


II. Physico-Chemical Properties of Liquid Alumina 
A. Density 

Density has been determined in the past with different experimental techniques 
that involve contact with a refractory material. Contactless methods consist of 
measuring the dimensions of a liquid drop of known weight with an optical setup 
and a camera. The drop could be falling in the older works, and it is levitating 
in the more recent experiments. The results are shown in Fig. 2. An examination 
of the results reveals good agreement between data obtained using a given type 
of crucibles, no matter what the measurement technique. It is, then, reasonable 
to distinguish three sets of density data — those obtained with Mo or W crucibles, 
with graphite crucible, and with no crucible, 

1) The density of liquid alumina in contact with Mo or W: density was obtained 
using the sessile drop method, 13 falling drop method, 14 Archimedean method, 15, 16 
maximum bubble pressure method, 17-19 and menisci method. 20 Its value at the 
melting point of alumina is reported between 2.97 and 3.06 g/cm 3 . The thermal 
expansion coefficient deduced from density/temperature variations in the range 
2300-3100 K is 3-4 x 10 -4 K -1 . 

2) The density obtained with a sessile drop on graphite by Zubarev et al. 21 is 
characterized by values at the melting point of 2.69 g/cm 3 and a thermal expansion 
coefficient of 3 x 10 -4 K -1 . 
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Fig. 2 Density of liquid alumina obtained under different conditions. 


3) The results reported in Refs. 4, 6, 22, and 23 obtained with contactless tech- 
niques are characterized by a density value for falling drops at the melting point 
of 2.5 ±0.1 g/cm 3 in vacuum 22 and 2.6-2.7 g/cm 3 in argon gas. 4 The aerody- 
namically levitated spherical liquid drops have densities deduced from the image 
recorded from the top of 2.7 ±0.1 g/cm 3 in Ar, 4 2.7 in O 2 and 2.8 g/cm 3 in 
Ar, 23 and 2.81 ±0.01 g/cm 3 in O 2 , Ar and Ar± 10% H 2 (Ref. 6). These last re- 
sults have a better accuracy than the others because of improved experimental 
facilities (digitized images from a high-speed camera). The thermal expansion 
coefficient was reported to be (1.1 ±0.6) 10~ 4 between 2300 and 3000 K 4 
and (4.22 ± 0. 14) 10~ 5 K _1 between 2000 and 3100 K (Ref. 6). This last result is 
currently the best available. 

The practical conclusions that can be drawn from this set of results is that the 
chemical pollution from a crucible material, such as molybdenum or graphite, can- 
not be ignored. For instance, at 3500 K, a typical temperature in rocket technology, 
density p is predicted as follows: alumina in contact with Mo, 18 p — 1.9 g/cm 3 , in 
contact with graphite, 21 p = 1.8 g/cm 3 , no contact, 6 p = 2.67 g/cm 3 . 

These results indicate that all of the physico-chemical data on liquid alumina 
at very high temperatures should be reviewed and remeasured using contactless 
techniques in the future. 


B. Surface Tension 

The surface tension v of alumina has been deduced in the past using various 
experimental techniques in which surface tension and gravity effects are compet- 
ing with each other. In some instances (pendant drop, sessile drop, shape of the 
meniscus, maximum bubble pressure techniques) the ratio vlp is determined, and 
consequently the value of v will depend on the choice of p. On the other hand, the 
weight drop technique allows results of v independent of the density of the liquid. 
It consists of measuring the weight of falling drops, initially suspended from a 
capillary having a radius of r and having characteristic values of r V ~ 1 / 3 between 
0.6 and 1.2, V being the volume of the drop. 
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Fig. 3 Surface tension of liquid alumina in vacuum or neutral atmosphere. 

Surface tension at the melting temperature was reported between 580 and 
705 mN*m _1 (see Fig. 3). 13,14 ' ( 7 , 19 , 21 , 24-30 we h ave seen j n our preceding 
discussion of the density measurements, the nature of the crucible must affect the 
data. 

Results on liquid alumina in contact with molybdenum or tungsten were ob- 
tained in a neutral atmosphere (argon, helium, or vacuum). 13,1417 ' 25 ’ 27 ' 28,30 The 
data of Elyutin et al. 25 were obtained by measuring the maximum height of liquid 
alumina sustained by a molybdenum plate or a hollow cylinder above a liquid alu- 
mina bath. This is a method that is quite well known as giving erroneous data with 
no well-established relation with surface tension. The other data are, generally, in 
bad agreement with each other at the melting point: 690 mN • m _1 by a pendant 
drop method, 13 680 mN • m _l (pendant drop) and 670 mN • nr 1 (weight drop), 14 
570 mN • m _1 by the maximum bubble pressure method, 17 638 mN • m _1 (in W) 
and 360 mN ■ nr 1 (in Mo) from the meniscus shape, 27 and 670 mN ■ mT 1 by the 
maximum bubble pressure. 28 More recently, Ikemiya et al. 19 have reported results 
for surface tension by the maximum bubble pressure method in an Ar-f 10%H2 
atmosphere. They claim that their atmosphere allowed the prevention of an inter- 
action between the molybdenum crucible and the liquid alumina. They obtained 
a value of 602 ± 3 mN/m, which they compared favorably with the results re- 
ported by Lihrmann and Haggerty with no crucible. 29 It is not clear, however, 
why they obtained a density value of 2.97 ± 0.03, which compares well with most 
molybdenum crucible studies. 

Results for surface tension near the melting point without pollution by a cru- 
cible have been reported 24 26,29 near the melting point. Wartenberg et al. 24 per- 
formed a weighting drop measurement from 2 to 3-mm-diam alumina rods un- 
der vacuum and reported a value of 580 ± 30 mN/m. Later, McNally et al. 26 
made a comparative study using various methods. They reported that the only 
reproducible method was that of the drop weight. They gave a value of 
600 mN/m in argon gas. More recently, Lihrmann and Haggerty 29 have deter- 
mined the surface tension of pendant drops suspended from a polycrystalline alu- 
mina rod. They chose a density value of 3.01 g/cm 3 to determine the surface 
tension. However, we have already seen that the contactless value of the den- 
sity is 2.81 g/cm 3 at the melting point, whatever the nature of the gas in contact 
with the liquid. Corrected values of the Lihrmann and Haggerty measurements 
are therefore v(air) = 621 ± 14 mN/m, v(He) = 583 ± 13 mN/m, and v(He + 10% 
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H 2 ) = 569 ±12 mN/m. These are in good agreement with the data of Wartenberg 
et al. 24 and that of McNally et al. 26 

The variation of surface tension with temperature is apparently more consistent 
with the nature of the solid in contact with the liquid. Alumina in contact with 
Mo or W has surface tension temperature coefficients of, roughly, 3 x ICT 4 K -1 
(Refs. 17, 19, and 25) and 5 x 10 -4 K -1 (Ref. 28). Rasmussen and Nelson 27 claim 
to have observed no variation of v in the range 2300-2700°C, but fail to consider the 
very poor precision of the values of v (± 100 mN - m -1 ). The fact that temperature 
coefficients of v are comparable to those of p obtained in Mo or W crucibles 
seems to indicate some consistency between the two sets of results (see Ref. 31, 
for instance), and consequently it can be deduced that both are wrong by one order 
of magnitude. The Zubarev results 21 for alumina in contact with graphite have 
a temperature coefficient of 7.5 x 10~ 4 K _1 comparable again with the density 
temperature coefficient of 3 x 10 -4 K~ ' . 

Contactless techniques for surface tension measurements of alumina are still 
being developed. 7 Unlike most contact techniques, this is a direct measurement of 
v. The principle consists of observing the temporal shape variations of an almost 
spherical levitating liquid droplet having a homogeneous temperature. In this case 
the theory 32 predicts the existence of a characteristic vibration frequency a> of a 
drop of mass m related to v through the relation: 

3 mco 2 


The state of the art in this field is quite advanced for liquid metals. The data con- 
sidered the best available at high temperature have a precision of 1 %. The very first 
surface tension measurements of liquid alumina using contactless techniques have 
recently been reported (in oxygen at 2700 K). 7 The reported value of 575 mN/m is 
in quite good agreement with available self-contained alumina results at the melt- 
ing point (620 mN/m). New results may, in principle, become available very soon. 


C. Viscosity 

The viscosity of liquid alumina has been determined in two distinct ways: 
1) from the damping of a torsional oscillation of a W crucible containing the 
liquid under vacuum 30,33,34 (The characteristic time allows the determination of 
kinematic viscosity. Its product with density is the viscosity.) and 2) from the 
torque exerted on a rotating Mo plate plunging into the liquid in an Ar + 10% H 2 
atmosphere. 35 

The results that are shown in Fig. 4 indicate relatively good consistency between 
most studies. The results of Bloomquist et al. 34 had the form: 

r 1 = 2.55 ■ 10 -4 • exp(22750/i?T) Pa-s 

Contactless techniques to measure the viscosity of high-temperature oxide melts 
are scarce. Indirect methods have been reported in the recent past. 

Temperature variations of kinematic viscosity have been inferred from the width 
of the Al quadrupolar nucleus peak of nuclear magnetic resonance in calcium 
aluminates. 36 

From the relaxation time of a contactless deformed SiC >2 melt, ratios of rj/v 
have been obtained. 8 
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Fig. 4 Variations in viscosity r) and aluminum self diffusion coefficient D , represented 
on a scale that allows a direct comparison via the Stokes-Einstein relation. 


It is unlikely that there will be any relevant contactless data on liquid alumina in 
the near future because of many undesirable artifacts that are difficult to eliminate 
with the present state of the techniques. The very first data on liquid metal viscosity 
have been reported using contactless techniques in a microgravity experiment in 
the NASA TEMPUS project. 37 


D. Aluminum Self Diffusion 

The diffusion of the tracer 26 A1 was studied by a Mo capillary method in 
vacuum. 38,39 The results (see Fig. 4) were obtained between 2335-2575 K. They 
followed a linear Arrhenius law: 

D = 2.30 x 10 -7 ■ exp(-21200 /RT) m 2 /s 

Very similar activation energies are obtained for aluminum diffusion and vis- 
cosity. 

Contactless techniques have not been reported for the measurement of diffusion 
of liquid alumina. As in the case of viscosity, it appears difficult at the present time 
to get convincing data with such methods. The main drawback of the contactless 
experiment is that it is difficult to prevent convection movement in the liquid drop 
because of the extremely directional character of the laser heating, which induces 
temperature gradients. 


E. Electrical Conductivity 

Electrical conductivity has been reported 40-44 for various pressures and for 
temperatures from the melting point to 3000 K. The agreement among the various 
authors is very poor (see Fig. 5), with the conductivity data near the melting point 
ranging from 0.7 - cm -1 to 15 Q -1 - cm -1 and the activation energy being 

OkJmol -1 (Ref. 40), 70 kJ ■ mol -1 (Ref. 42), or 1 60 kJ- mol -1 (Ref. 44). Although 
the most recent work by Shpil’rain et al. 44 tries to relate these large discrepancies 
to the experimental conditions of the various studies, there are certainly more 
unknown factors that affect these results. 
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Fig. 5 Electrical conductivity of liquid alumina. 


There has been a recent report 9 of a contactless electrical conductivity measure- 
ment on liquid alumina. The principle consists of measuring the inductance L and 
the quality factor Q of a coil at various rf frequencies, which contain an alumina 
drop levitating in an aerodynamic device made of boron nitride. The observation 
was made that the change of Q and L during the solidification of a free cooling 
liquid drop having a 3.8 mm diameter could be consistently interpreted in spite of 
the complications induced by the temperature changes of the coil during the mea- 
surement sequence. A value of a = 6 ± 1 Q -1 • cm -1 for the liquid at the melting 
point of alumina was proposed. These first data, which fall inside the range of 
reported data, are very encouraging for the future. 

The conclusion that can be drawn from the whole set of atomic transport data in 
liquid alumina is quite confusing. Apart from the already mentioned similarities of 
the activation energies of reported aluminum diffusion and viscosity, classical rela- 
tions, such as the Stokes-Einstein (D A |, rj) or Nemst-Einstein (Dm, a) relations, 
indicate no consistency between the various sets of results. Roughly calculating rj 
from D is not consistent, because we find a viscosity of ?? ca i c = 0.4 Pa • s near the 
melting point, which is one order of magnitude higher than the experimental rj. On 
the other hand, calculating a from D M gives values between 5 and 10 S3 -1 • cm -1 
near the melting point, depending on the assumptions made on the nature of the 
migrating Al-bearing ion. This means in practice that this comparison is a rela- 
tively good one if we favor the highest reported a data. 40 - 41 However, there is no 
reason why A1 should contribute so strongly to the conductivity. 

F. Radiative Properties 

The radiative properties of liquid alumina have been examined near the melt- 
ing point by various authors, with the liquid sample being in contact with solid 
alumina. 45-49 

The most important conclusions that are clearly established are as follows: 

Liquid alumina emissivity of millimetric drops is higher than 0.9 up to 3500 K 
at a wavelength of 10.6 gm (Ref. 47). 

The absorption in the visible region, and particularly at the 0.65 nm wavelength, 
is strongly dependent on the purity of the liquid. These aspects were carefully 
examined by Weber et al. 47 Small amounts of impurities like Si, Mg, Fe, or W 
(5000-10000 ppm) are able to render opaque liquid drops 2.5 mm in diameter that 
are fairly transparent when they are pure. It also appears quite clearly from this 
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work that the presence of some gases (H 2 , Ar, N 2 , CO, or HC1) makes the drop 
opaque. Others, like CO 2 or O 2 , leave the drop transparent under 1 atm pressure. 
The deduction was then made that opacity is directly related to oxygen pressure. 
The comparison by Nelson et al 48 of the opacity of millimetric drops in oxygen 
and argon at atmospheric pressure is consistent with these results. 

Contrary to these results, results of Weber et al. 45 obtained at the same wave- 
length of 0.65 jim on partially melted sapphire filaments indicated the opposite 
behavior: liquid alumina was more opaque in oxygen than in argon and also in 
N 2 /H 2 mixtures. Weber et al 47 later argued that the temperature of the two studies 
(2320 vs 2400 K) could explain this difference. It was not noticed, however, that the 
experiments were performed under quite different pressure conditions: the former 
work of Weber 45 was at pressures between 40 and 70 Pa, and the latter 47 mostly 
at atmospheric pressure conditions. The role of total pressure on the opacity of 
liquid alumina was reported incidentally by Weber et al. 47 for HC1 and for a static 
mixture of H 2 with H 2 0. In both cases, opacity is proportional to gas pressure. The 
conclusions about the influence of the gases in contact with liquid alumina are not 
so well established. Total pressure of any gas, in addition to oxygen pressure, may 
be a relevant parameter. However, it is not clear whether this last parameter may 
influence the state of intrinsic defects or the balance of variously charged extrinsic 
defects (Fe 2+ , Fe 3+ ). 

The spectral absorption of liquid alumina at 0.65 /xm reported in the previously 
cited works ranged from 9 to more than 55 cm" 1 . This means that liquid drops 
with diameter less than 4 mm may be more or less transparent. 

The reflectivity of liquid alumina in argon at the wavelength of 0.63 /xm has 
been measured up to 4000 K by Bober et al 46 Their technique consisted of heating 
a small planar surface of Degussa A123 ceramic to form a liquid about 10/x thick 
in a few milliseconds and recording the temperature and the reflection of a He-Ne 
laser beam during the heating. They found a sharp change of the hemispherical 
reflectance on melting from a value of 0.75 for the solid to a value of 0.1 1 at the 
melting point, decreasing linearly with temperature with a coefficient of 1 .6 x 10” 4 
K 1 . They also briefly reported significantly different results on premelted samples. 
From the already reported results on absorption at the wavelength of 0.65 /xm, 
we should expect a micronic layer of liquid on the ceramic to be transparent and 
consequently to have no effect on the reflectivity measurement through the melting 
point. The results of Bober suggest that the liquid is opaque. The suggestion can 
be made that the porosity of the initial ceramic is not removed from the liquid 
during the millisecond heating, making the small gas bubbles in the liquid efficient 
diffusers of the light. This explanation is consistent with the differences observed 
on the ceramic and on the premelted material. We then expect this result to be 
correct to some extent. 

An indirect method to determine the normal spectral reflectivity R„ from the 
refractive index n,_ has been used by Diamond and Dragoo 49 through the relation: 

(hx — l ) 2 + k 1 
k (n* + l) 2 + k 2 

and taking « 0 .63 = 1.744, with k being small for a semitransparent material, one 
gets f?o .63 — 0.073. Note that the index of refraction of liquid alumina is particularly 
insensitive to the nature of the gas, to the purity and to the temperature. 50 This 
result means in practice that a unique value of emissivity of 0.93 can be adopted in 
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the visible region for opaque liquid alumina, that is, for dimensions equal or higher 
than 4 mm at or above the melting point. We make no comment on the state of the 
art of contactless technique for this property because all published data concern 
self-contained liquid alumina. 


III. Conclusions 

This rapid glance at the published physico-chemical properties of liquid alumina 
allows some important conclusions. 

The first is that most of the published data obtained with samples in contact 
with a crucible are increasingly inaccurate as the temperature is increased. The 
discrepancy between contact and contactless density data is so big at 3500 K that 
it is hopeless to consider other data, like viscosity or surface tension obtained with 
a crucible, to be representative of liquid alumina at the highest temperatures. 

The examination of the radiative properties generally obtained without contact 
with a foreign material leads to the following statement: liquid alumina is a fairly 
transparent medium because opacity is obtained for millimetric size. However, 
dissolved gases profoundly may modify this conclusion, and efforts should be 
made to quantify the relationships between the absorption coefficient and the 
nature and pressures of the gases in contact with liquid alumina. This conclusion 
could also apply to other physico-chemical properties at high pressures. 
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III. Motor Interior Ballistics 



Chapter 3.1 


Effect of Acoustic Oscillation on Flow 
Development in a Simulated Nozzleless 
Rocket Motor 

Sourabh Apte* and Vigor Yang* 

Pennsylvania State University, University Park, Pennsylvania 


Nomenclature 

A = chamber cross section 

c = speed of sound 

c s = Smagorinsky constant 

D = near-wall damping function 

e = filtered total specific energy per unit volume 

E = turbulence energy 

/ = frequency, Hz 

G = spatial filter function 

Gk, u = amplification factor per time step 

h = chamber half-height, m 

I = turbulence intensity, sfu’u' v'v' 

I x = number of time steps required for one eddy lifetime 

k = wave number, 1/m 

L = chamber length, m 

( = turbulence length scale, m 

m" = injection mass flux, kg/m 2 s 

M = mean Mach number averaged over a given cross section 
M c = mean Mach number at centerline 

p = pressure. Pa 

Pr = Prandtl number 

q = large-scale velocity, m/s 

Re = Reynolds number 

Sq = strain-rate tensor, f(3u,/3x y ) + (3n ; /3x,))/2 - S i j(Bu k /dxi < )/3 
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T = temperature, K 

t = time, s 

u = axial velocity, m/s 

u = vertical velocity, m/s 

Uu, = injection velocity at wall, m/s 

Y - ratio of specific heats 

A = filter width 

Sjj = Kronecker delta 

8 = constant in Eq. (25) « 0.0025 

e a = amplitude of imposed pressure oscillation 

£ v = artificial dissipation coefficient 

r] = Kolmogorov length scale, m 

k = thermal conductivity, W/mK 

p, = dynamic viscosity, kg/ms 

v = kinematic viscosity, m 2 /s 

v s = subgrid-scale kinematic viscosity, m 2 /s 

p = density, kg/m 3 

a = CFL number 

r = viscous shear stress, N/m 2 

£ = grid parameter for LES 

Subscripts 

b = bulk mean quantity 

c = centerline 

w = wall 

Superscripts 

' = fluctuating component due to turbulence 

a = fluemating component due to imposed acoustic oscillation 

r = resolved-scale component 

s = subgrid-scale component 

= density-weighted quantity 
= time-averaged quantity 

I. Introduction 

M UCH of the research in the field of solid rocket propulsion has been di- 

rected toward establishing a clear understanding of the combustion insta- 
bility phenomenon. 1 In an effort to study the detailed coupling between propel- 
lant combustion dynamics and local flow oscillations in rocket motors, Yang and 
coworkers 2-5 conducted a series of numerical studies of homogeneous propellant 
combustion under conditions representative of practical propulsive systems. Much 
information has been obtained about the flame structure, heat release mechanism, 
propellant combustion response, and flow development. In spite of these contribu- 
tions to the knowledge base on combustion instability, however, existing models 
provide limited information concerning propellant burning behavior in oscillatory 
turbulent crossflows. Specifically, the interactions among the mean, acoustic, and 
turbulent flowfields, and their collective effect on propellant combustion dynamics 
and motor stability behavior, need to be addressed comprehensively. 
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Fig. 1 Schematic diagram of a simulated nozzleless rocket motor. 


As an attempt to address these fundamental issues, the present work concen- 
trates on the effect of acoustic oscillation on the flow development in a simulated 
nozzleless solid rocket motor, as shown schematically in Fig. 1 . The evolution of 
the propellant combustion products in the chamber is simulated by the mass injec- 
tion through the porous walls. The oscillatory field in a rocket motor consists of 
three distinct types of waves: acoustic (corresponding to irrotational, compressible 
flow motions), vortical (arising from rotationality of unsteady flow), and entropy 
(due to unsteady heat release and viscous dissipation) modes. The three waves, 
along with the transient combustion response of propellant, collectively dictate 
the chamber flame dynamics and subsequently the motor stability behavior. Tur- 
bulence plays a decisive role in determining the wave characteristics through its 
influence on the momentum and energy transfer in various parts of the chamber. 
In particular, the interactions between organized oscillatory motions and random 
turbulent fluctuations give rise to additional mechanisms of energy production, 
transfer, and dissipation in the flowfield. These phenomena were studied sepa- 
rately only for simplified configurations in the past. Little effort was made to 
address their collective effect, especially under conditions representative of real 
rocket motor environments. 

The injection-driven flow in a rocket motor is significantly different from a pipe 
flow with surface transpiration, because the combustion chamber is closed at the 
head end. The flowfield is essentially established through a balance between the 
pressure gradient and inertial forces, in contrast with a pipe flow, wherein the ve- 
locity profiles are determined by a balance between viscous and pressure forces. 
An analytical solution for this category of flows was first developed by Taylor 6 
and later validated by Culick, 7 revealing a cosine distribution for the axial ve- 
locity in the vertical direction. A theoretical analysis of inviscid, rotational, and 
compressible flowfield in a porous duct with the injection rate varying with local 
pressure was carried out by Balakrishnan et al. 8 The effect of fluid compressibility 
in flattening the radial profile of the axial velocity, in a manner analogous to that 
arising from turbulence in flows without surface transpiration, was established. 
Traineau et al. 9 performed an experimental study of the internal flowfield in a 
simulated nozzleless rocket motor, indicating three regimes of flow development. 
The velocity field develops in accordance with laminar flow theory in the upstream 
region and undergoes turbulence transition in the middle section of the chamber. 
Transition of the mean axial velocity profile occurs farther downstream, where 
there appears a fully developed turbulent flowfield with surface mass injection. 
The experiments were carried out at a high injection Reynolds number (15 x 10 3 ) 
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and elucidated the compressibility effect on the mean velocity profile. Dunlap 
et al. 10 conducted measurements of flow properties in a cylindrical chamber at 
low injection Mach numbers (0.0018 and 0.0036). The corresponding injection 
Reynolds numbers (9 x 10 3 and 18 x 10 3 ) were typical of rocket motor values. 
The compressibility effect was not observed because of the low Mach number 
condition. Beddini' 1 simulated turbulent flows in porous-walled ducts at large in- 
jection Reynolds numbers by means of the Reynolds-stress turbulence model. The 
presence of turbulence fluctuations at the surface, termed “pseudo-turbulence,” was 
noted. Sabnis et al. 12 used conventional single-point turbulence closure schemes 
to simulate the flowfields in a rocket motor. 

Considerable effort has been expended in studying the interactions between 
acoustic fluctuations and motor internal flows. Flandro 1314 established the first 
analytical model dealing with unsteady vorticity transport in a rocket motor that 
arises from longitudinal acoustic motions. The work concentrates on cold-flow sim- 
ulations of laminar flowfields. Vuillot 15 studied the vortex-shedding phenomenon 
in segmented rocket motors. The unstable-mode frequencies and pressure levels 
were accurately predicted using a numerical approach. In real rocket environments, 
turbulence often occurs and exercises strong influence on the gas-phase flow/flame 
structures and consequently the propellant combustion response. Cai and Yang 16 
employed a modified two-layer turbulence closure scheme to investigate the two- 
phase flow interactions with longitudinal acoustic waves. Roh et al. treated the 
gas-phase flame dynamics and its coupling with the condensed-phase processes in 
a turbulent flow environment, following a similar approach of turbulence closure. 
In spite of their common use and ability to provide useful information, the second- 
order turbulence closure schemes usually overpredict turbulent flow properties in 
rocket motors and fail to offer in-depth knowledge of flow evolution. The use of 
ad hoc assumptions in these models renders them unsuitable for studying unsteady 
motor internal flows. 

High-level turbulence closure schemes based on large-eddy-simulation (LES) 
techniques provide a new avenue for studying motor internal flows. Although the 
computational effort required is enormous, this method allows for a comprehensive 
investigation of the turbulence effect. Piomelli 18 performed an LES analysis of the 
injection-driven flow in a porous chamber. His work focused on the development 
of wall-layer models suited for numerical calculations. Liou et al. 19 conducted a 
two-dimensional LES to achieve a better prediction of turbulence intensity and 
axial velocity profiles compared with the second-order turbulence closures. The 
deficiency in applying the wall-function method to injection-driven flows was ad- 
vocated by demonstrating that the mean velocity profiles away from the viscous 
sublayer vary along the chamber and cannot be collapsed into a unique universal 
wall law. The work was recently extended by considering the effect of turbulence 
intensity at the injection surface on the turbulence evolution. 20 In spite of the con- 
siderable work conducted in this area, a comprehensive understanding of the phys- 
ical processes occurring within the motor remains lacking. In particular, the mutual 
coupling between acoustic and turbulent flow motions needs to be explored. 

This chapter attempts to study the internal flowfield in a simulated nozzle- 
less rocket motor with acoustic excitations. The approach is based on the LES 
technique. The contribution of large energy-carrying structures to momentum and 
energy transfer is computed exactly with the effect of small scales of turbulence 
modeled semiempirically. Various underlying fluid-dynamic mechanisms respon- 
sible for driving unsteady motions in a motor are studied. Owing to the limita- 
tions of the computational resources and the two-dimensionality of the chamber, a 
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two-dimensional analysis is carried out herein to provide useful insight into the 
complex flowfield with acoustic excitation. The present work lacks the vortex- 
stretching phenomenon commonly observed in turbulent flows but allows for 
unpredictability and rapid mixing with enhanced momentum and mass transfer, 
the essential features of turbulent flows. Compared with conventional second- 
order closure schemes, which are based on ad hoc hypotheses, the present work 
marks an improvement in predicting turbulence characteristics. A complete three- 
dimensional simulation is required further to improve and corroborate the results 
and will be presented in subsequent publications. 

In the following sections, a complete theoretical formulation of the motor inter- 
nal flow is summarized, with a brief description of the numerical implementation. 
The work starts with calculations of the motor internal flowfield under stationary 
conditions. Periodic oscillations are then imposed at the head end to simulate trav- 
eling acoustic waves in the chamber. The main objectives of the present study are 
1) to investigate the internal flowfield in a simulated rocket motor with surface 
injection, 2) to study the coupling between the imposed periodic fluctuations and 
turbulent motions, and 3) to explore the energy exchange and turbulence production 
mechanisms under nonstationary mean flow conditions. 


II. Theoretical Formulation 


Figure 1 shows the physical model for the problem, which simulates the flow 
development in a nozzleless solid-propellant rocket motor studied experimentally 
by Traineau et al. 9 The chamber is closed at the head end and is connected down- 
stream with a choked divergent nozzle at the exit. Air is injected uniformly through 
the porous wall to simulate the evolution of propellant combustion products from 
the surface. The flow accelerates from zero at the head end and becomes super- 
sonic in the nozzle section. The flowfield is governed by the following conservation 
equations of mass, momentum and energy, 21 


dp_ d(pu k ) 
dt dxk 


(1) 


d(pUk) d{pu k ui ) _ _ dp_ + d<y k i 

3 1 3 xi 3 Xk 3 xi 


d(pe) d(phu k ) dq k 

1 = (- m 

3 1 dxk dxk 


( 3 ) 


where p is the density, u the velocity vector, p the thermodynamic pressure, h the 
total specific enthalpy, e the total specific internal energy, and T the temperature. 
The standard tensor notation with repeated indices implying summation over the 
axial and vertical components is used. The viscous stress a k u the thermal diffusion 
q k , and the viscous dissipation <p are defined as 


2 3 Uj 

°kl = — hi + M 

3 ox : 


/ 3 u k 
\3x ; 


+ 


3 ui \ 
dx k ) 


( 4 ) 


qk = 



( 5 ) 



( 6 ) 
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where n is the dynamic viscosity and k the thermal conductivity. The governing 
equations are supplemented with the equation of state for an ideal gas 

P = pRT (7) 


where R is the gas constant. The thermodynamic properties are assumed constant 
for the present case of cold-flow simulation, as the temperature variation within 
the flowfield of interest is not significant. 

Turbulence closure is obtained based on the large-eddy simulation technique 
in which large, energy-carrying structures are computed exactly and the effect of 
small-scale motions on large scales is modeled. A spatial filter G is used to decom- 
pose the flow variables into large (resolved) and subgrid (unresolved) scales, 22 

S(x, t) = £f(*, f) + 3 j (jc, t) with S r (x,t) = f G(x - x', A )$(*', t)d 3 x' 

Jd 

(8) 


where D is the entire domain; A the computational mesh size, which determines the 
size and structure of the unresolved scales; and S any flow property, viz., p, p, , 
or T. The superscripts r and represent the resolved and unresolved scales of flow 
properties. The Favre averaging is further used to simplify the governing equations 
for compressible turbulent flow simulations. 22 This density-weighted averaging 
eliminates complex triple correlations between density and velocity fluctuations 
in the governing equations and is given as 




(psy 

p r 


(9) 


Contrary to the more traditional Favre time averaging, 23 


§ r ^ § r , ± o 


( 10 ) 


The filtered form of the governing equations can be written as 

d P r d(p r u r k ) _ o 
dt dxk 

d(p r K) t a(gg£gfl = dp r l W, dT U 

dr dxi dxjc dx/ dxi 


(ID 

( 12 ) 


d(p r e r ) d(p r h r u r k ) _ dq[ dQ k 9{p r , r fl3) 

dt dx k dx k dx k dx k 

where p r = p r Rf r and ( ) represents the filtering operation defined by Eq. (8). 

and <p r represent the viscous stresses and dissipation of the resolved scales, 
respectively. The terms t and Qk are the subgrid-scale (sgs) stresses and heat 
fluxes, respectively, and are given as 


*kl = ~P 


~ «t “/) + ( M *“; + “i«i - «*«/ - »*«/) + ( u l u / ~ «*«/)) 


( 14 ) 
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Qk — Cpp 


T r ) + ( u\T + u\t s - u r k T s - u{T r ) 


+ - «£?*)) (15) 

The first terms in the small parentheses in Eqs. (14) and (15) can be computed 
directly once a filter function is defined. The other terms need to be modeled and 
represent the effect of unresolved scales on the resolved scales of motion. One 
important feature of any sgs model is to provide adequate dissipation. Here, dis- 
sipation means transport of energy from resolved scales to unresolved subgrid 
scales, and the rate of dissipation represents the flux of energy through the inertial 
subrange of the turbulence spectrum. 24 A Smagorinsky model extended to com- 
pressible flows is used to model these terms, as suggested by Erlebacher et al. 22 
Accordingly, the sgs terms are modeled by relating the sgs stresses to the large- 
scale strain-rate tensor S r k! , through the eddy viscosity (v T ) and the sgs kinetic 
energy ( K ), as follows: 

t u ~ \hiK = —2v T p r S kl (16) 



with 

Vt = cd(DA) 2 (2SijS-j)^ and K = c /P r (DA) 2 (25r.5T) (18) 

where A is the average size of the computational cell, and c o (%0.01) and 
c/(«0.007) are the model constants, based on the work of Erlebacher et al. 22 The 
Van-Driest damping function (D) is used to take into account the inhomogeneities 
near the surface 20,2 ' and is expressed as 

D = 1 - exp (1 - (y + ) 3 /26 3 ) (19) 


where y + = yu\jv. The effect of surface transpiration is indirectly obtained 
through the wall shear stress z', which appears in the computation of the fric- 
tion velocity u r x . The heat flux is modeled similarly by defining an eddy diffusivity 
and relating it to the viscosity through the turbulent Prandtl number (Pr T ). 


Qk = -p r c P -^~ 


v T dT r 
Pr T dx k 


(20) 


A standard value of 0.7 is used for the turbulent Prandtl number based on air as 
the medium. 22 


Boundary conditions. The method of characteristics is used to specify the 
boundary conditions. For the subsonic inflow through the porous surface, three 
conditions need to be specified. The mass and energy fluxes are kept constant and 
the injection velocity is assumed to be vertical (i.e., u r = 0). At the head end 
of the motor, the gradients of axial pressure and vertical velocity are set to zero, 
along with the adiabatic condition. Application of the slip condition at the head 
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end is necessary to avoid a numerically induced recirculating flow at the injection 
surface. 25 Symmetry conditions are applied along the centerline of the motor. The 
supersonic outflow requires no boundary conditions, according to the method of 
characteristics. The flow variables at the exit are extrapolated from those within 
the computational domain. 

After a stationary flow is obtained, traveling acoustic motions in the motor are 
simulated by imposing periodic pressure and velocity oscillations at the head end 
as follows: 


P a = £aP sin(27r ft) (21) 

u a =p/(pa) (22) 

where the overbar denotes the time-averaged quantity, and e a and a represent 

the percentage of the mean pressure and speed of sound, respectively. No phase 
difference exists between the pressure and the velocity fluctuations for such a 
simple wave. The temperature fluctuation is specified according to the isentropic 
relationship with the pressure. 

T a = T (1 + p a /pi Y - x 'v ) - T (23) 


III. Numerical Method and Error Analysis 

An accurate numerical scheme is essential for resolving various time and length 
scales of turbulent motions. The issue of a priori estimation of computational errors 
in turbulence simulations has recently been addressed by several researchers. 26 ' 27 
Ghosal 26 analyzed the truncation errors of the various terms in finite-difference 
equations and compared the contributions of the errors at a given time with the 
exact terms for incompressible flow equations. A model turbulence spectrum was 
employed to facilitate the comparison. Results indicated that for finite-difference 
methods the errors created by approximating the convection terms generally dom- 
inate errors introduced by other terms in the governing equation. These convection 
terms are important in any turbulence computation at large Reynolds numbers, as 
they represent the dominance of inertial force over viscous force. Fabignon et al. 27 
and Beddini et al. 28 extended the von Neumann stability analysis 29,30 to assess 
the importance of the errors associated with convection terms by introducing a 
reference spectrum obtained from homogeneous, isotropic turbulence theory. This 
energy spectrum was convected in accordance with the amplification factor of the 
numerical scheme and then compared with the initial spectrum after one large-eddy 
lifetime. An estimation of the numerical errors of nonlinear convection terms was 
made. The fourth-order Runge-Kutta scheme with the sixth-order Pade compact 
differencing for spatial descretization (RK4-6CP) was shown to resolve the tur- 
bulence energy spectrum in the inertial range for a wide range of Mach numbers. 
A significant reduction in computational time, compared with RK4-6CP, can be 
achieved by means of an alternative Runge-Kutta scheme presented by Jameson, 31 
which is fourth-order accurate in time and uses fourth-order central differencing 
in space (RK4-4C). It was shown by Beddini et al. 28 that the RK4-4C scheme 
resolves the energy spectrum with an accuracy comparable to that of the sixth- 
order Pade scheme over a wide range of Mach numbers. The compromise between 
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computational time and spatial accuracy facilitates the use of Jameson’s method 
in the present study. 

Following the analyses by Fabignon et al. 27 and Beddini et al., 28 the effect of 
computational errors on sgs modeling is investigated herein based on the Smagorin- 
sky subgrid eddy-viscosity model. The work extends the previous effort to incor- 
porate the effects of sgs models and artificial dissipation, introduced in central- 
difference schemes for numerical stabilization, on the convection of the turbulence 
energy spectrum. A thorough investigation is carried out for the RK4-4C method. 
The transport equation for the energy spectrum function E(k,t) for turbulent flows 
can be expressed as 28 

^E{k,t) + {U k ) AB (~\ E(k, t) = T(k, t) — D(k, t) — P(k, t) (24) 

dt \3x k / AB 

where T(k, t ) represents the energy transfer between wave numbers, D(k, t) the 
viscous dissipation, and P(k, t) the production term. A and B represent the points 
in the flowfield for two-point correlation. For stationary flows, the first term on 
the left-hand side is zero, and if homogeneity is assumed, the convective term 
also vanishes. Retention of the convective terms for spectral transport enables the 
present estimation of convection errors. Convection of the energy spectrum is as- 
sumed to take place at a constant mean velocity u k . The main objective of this 
work is to utilize a representative turbulence spectrum, obtained from the model of 
the transfer, dissipation, and production terms in the preceding equation, to allow 
for the estimation of the effectiveness of a numerical scheme. The initial kinetic 
energy spectrum is introduced using Tennekes and Lumley’s analysis. 32 It models 
the production-dominated part of the spectrum at low wave numbers, represent- 
ing large, energy-carrying structures, and provides the classical k~ 5 ' 3 power law 
in the inertial subrange, representing equilibrium turbulence. The dimensionless 
spectrum of turbulent energy is given as 28 

E(k, 0) = a(8Re c y 5J \kT])- 5 ' 3 x exp(-1.57ri3v^(5Re c ) _1 (k/?) -4/3 ) (25) 

where a is the Kolmogorov constant and r\ the Kolmogorov length scale. Exper- 
imental data show that a and fi are 1.5 and 0.3, respectively. 27 28 An order-of- 
magnitude estiamte relates the turbulent Reynolds number (Re,) and the Reynolds 
number at the centerline of the motor (Re c ), 


Re, 8Re c 


(26) 


where V& q/U « t/L. 

Convection of the initial energy spectrum depends on the numerical scheme and 
takes the form 

E(k,x)=\G k J h E(k,Q) (27) 


where G kiU is the amplification factor obtained from the eigenvalue u of the nu- 
merical scheme. l x is the number of time steps required to reach one eddy lifetime 
r, which depends on the grid size and the CFL number a\ 


/ r =<53 


(M+ 1) 


Re l 


(28) 
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Fig. 2 Dimensionless turbulent energy spectrum of the RK4-4C scheme with £ = 20: 
a) effect of CFL number for e v - 0; b) effect of artificial dissipation and sgs model for 
CFL = 0.5. 


where £ is the grid parameter (A x/rj), This approach provides a basis for selection 
of grid size for large-eddy simulation, which requires the cutoff wavenumber to 
be in the inertial range of the energy spectrum. 

Figure 2a shows the spectrum for the RK4-4C scheme for various CFL numbers 
after one eddy lifetime, at a representative motor condition of Re c = 3 x 10 5 and 
M c = 0.5. No artificial dissipation is considered in this analysis, i.e., e v = 0. The 
grid parameter £ of unity implies that the entire range of turbulence scale, up 
to the Kolmogorov length scale, is modeled as in a direct numerical simulation 
(DNS). £ usually varies between 10 and 50 for typical large-eddy simulations and 
is approximately 15 in the present computation. A decrease in f shifts the cutoff 
point toward the DNS value. £ = 20 is used here to illustrate die range of scale 
resolved in LES compared with DNS. The numerical scheme becomes neutrally 
stable at the maximum wave number and the spectrum rises to the cutoff point, 
as shown in Fig. 2a. An increase in the CFL number reduces the resolution of 
the energy spectrum owing to the reduction in the cutoff wave number. Since the 
computational time is inversely proportional to the CFL number, a CFL number 
of 0,5 is found to be a good compromise between accuracy and computational 
time. 





SIMULATED NOZZLELESS ROCKET MOTOR 801 

Artificial dissipation is required to reduce the amplification factor and stabilize 
the numerical scheme at high wave numbers. Figure 2b shows the effect of the 
sixth-order artificial dissipation and Smagorinsky’s sgs model on convection of the 
energy spectrum. The eddy-viscosity hypothesis gives an estimate of the energy 
spectrum evolution as 33 

E(k, r) = £(k,0)exp^-2(/t??) 2 v / ^^l + (29) 

where the eddy viscosity (vr) is obtained from the sgs model as 

— =4.11c j 2 (v / a£)4 4/3 (30) 

v 

The artificial dissipation and sgs dissipation are of the same order in the present 
case, as evidenced in Fig. 2b. Ragab and Sheen 34 indicate that the dissipation 
mechanism in a three-dimensional turbulence simulation is very different from the 
artificial dissipation, because of the vortex stretching and rolling phenomena. Liou 
et al. 20 showed in their two-dimensional simulation of injection-driven flows that 
sgs stresses have negligible effects on the turbulence characteristics and the artifi- 
cial dissipation introduced by the numerical scheme can serve as an sgs model. The 
study partly provides a justification for not incorporating sgs models and relying on 
numerical artificial dissipation to produce the sgs effect on large energy-carrying 
structures. Accordingly, the sgs terms are neglected herein to save computational 
effort. 

Owing to the enormous computational effort required, only two-dimensional 
calculations are performed in the present work to study the interactions between 
acoustic oscillations and motor flow evolution. The analysis, in spite of the lack of a 
vortex-stretching mechanism, is more accurate than conventional models based on 
second-order turbulence closure schemes and allows for a systematic investigation 
into the oscillatory flowfields in a rocket motor. Results will be further corroborated 
in a subsequent study using full three-dimensional large-eddy simulations. 35 

IV. Stationary Flowfield 

The analysis described above is used to first study the flow development in a 
simulated nozzleless rocket motor, as shown schematically in Fig. 1 . The chamber 
is two-dimensional and measures 48 cm in length and 2 cm in height. The nozzle 
at the exit is 3.2 cm long, with a divergence angle of 15 deg. The configuration 
and the flow parameters studied are based on the experiment of Traineau et al. 9 
Air is injected through the porous surface at a total temperature of 260 K and 
a total pressure of 3.142 atm. The mean injection mass flux is kept constant at 
m" — 13 kg/m 2 s, giving the injection velocity of 3.1 m/s. The numerical calculation 
is initialized with the analytical velocity profile for an inviscid incompressible flow 
with surface mass injection, 6,7 



where the subscript c represents the centerline. White noise is introduced in the 
inflow mass flux to perturb the mean flow for turbulence transition. The magnitude 
of perturbation is 90% of the mean quantity, as indicated by Traineau et al. 9 Such a 
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Fig. 3 Time evolution of the vorticity field. 


high level of turbulence intensity at the surface is employed to facilitate comparison 
with experimental data. The computational domain consists of 640 x 100 cells in the 
axial and vertical directions, respectively. A uniform grid is used in the x -direction, 
while the grid is stretched toward the surface in the y-direction with the smallest 
grid size of the order of 50 /zm. The grid size is based on the studies of Liou et al. 19,20 
and resolves the energy spectrum in the inertial subrange, as shown later. The CFL 
number is 0.5 and the time step is fixed at 5 x 10~ 8 s for time-accurate simulations. 
An outbreak of turbulence occurs at 4-5 ms of the physical time starting from the 
flow initialization based on Eq. (31). Stationary oscillations are obtained during 
8-20 ms, and the mean flow properties are evaluated in this time zone. 


A. Vorticity Field 

Figure 3 shows the temporal evolution of the vorticity field. To facilitate discus- 
sion, only the lower half of the chamber is presented, where y/h — 1 corresponds 
to the injection surface. Vorticity is produced at the propellant surface because the 
no-slip condition causes the flow to enter the chamber vertically and then turn to 
align smoothly with the axial axis. 13,14 Near the head end, turbulent fluctuations 
appear to be small and the flow is mostly laminar. Transition to turbulence occurs 
around x/h — 20-25, and the flow becomes highly turbulent farther downstream. 
Vorticity is rapidly convected away from the surface in this inertia-dominated flow, 
as evidenced by the presence of large energy-carrying structures. The present two- 
dimensional computation lacks the vortex-stretching phenomenon responsible for 
the transfer of energy from the large to the small scales through the energy cascade 
mechanism and, consequently, leads to lower dissipation and production rates. 
Nevertheless, it provides much useful insight into the flow development, which 
was not previously available using second-order turbulence closure schemes. 


B. Mean Flow Properties 

Figure 4 shows the contour plots of the time-averaged Mach number, pressure, 
and density fields. The exit Mach number of 2.2 agrees well with the analytical 
value for an isentropic flow through a divergent nozzle with a known area ratio and 
given stagnation pressure and temperature upstream. The pressure field is basically 
one-dimensional, due to the small injection Mach number, with increasing gradient 
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Mach Number 



Normalized Density, (g/ p„) 



Fig. 4 Contour plots of mean Mach number, pressure, and density. 


toward the throat area. Figures 5 and 6 show the axial and vertical variations of 
the mean axial velocity, respectively. Also included is the analytical solution for 
an incompressible laminar flow. 6,7 Good agreement with the experimental data of 
Traineau et al. 9 is obtained. The flow is predominantly incompressible and laminar 
in the upstream region of the chamber. Deviation from the incompressible-flow 
solution starts between x/h — 20 and 30, due to the increasing Mach number and 
hence the compressibility effect. In the present study, the injection mass flux is 
kept constant. As a result of rapidly decreasing density toward the throat area, the 
local flow velocity increases and leads to changes in the velocity profile from 
its incompressible-flow counterpart. The enhanced momentum transfer due to 
turbulence also plays an important role. The transition of the mean velocity profile 
can be characterized in terms of the momentum flux coefficient as proposed by 
Huesmann and Eckert, 36 


fo P « 2 dy 

Pbu\h 


(32) 



Fig. 5 Variations of mean axial velocity in the axial direction. 
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Present, Analytical(laminar incomp.), • • • Exp. (T raineau et al. 1 986) 

Fig. 6 Variations of normalized mean axial velocity in the vertical direction. 


where the subscript b denotes the bulk mean quantity, obtained by averaging the 
corresponding flow property over a given cross section of the chamber. Figure 7 
compares the calculated ft with experimental data. 9 The momentum flux coefficient 
has a constant value of 1.234 for laminar incompressible flow and can be obtained 
using Eqs. (31) and (32). The decreasing density and increasing injection velocity 
toward the nozzle alter the vertical variation of the axial velocity and consequently 
cause an accelerated decrease in the value in the downstream region. The exper- 
imental value of /S at the head end is 1 . 1 6 instead of 1 .234 as predicted by laminar 
flow theory, because of the high level of turbulence at the porous wall generated in 
the experiments. 9 The agreement of the calculated in the upstream region with 
laminar flow theory implies uncertainties in the experimental measurements. Both 
the numerical and the experimental data show faster variation between x/h = 20 
and 30 in the turbulent regime. These results are very similar to those obtained by 
Beddini 11 for an axisymmetric duct with a low level of pseudo turbulence at the 
porous wall. 
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Fig. 7 Variation of momentum flux coefficient in the axial direction. 


The effect of surface-generated turbulence on the flow development is also 
studied. For a high level of wall turbulence (i.e., v' w = 0.9v w ), transition of the 
mean velocity profile occurs upstream of the motor (x/h =20). The transition 
point shifts downstream (x/h = 30) with a lower level of pseudo turbulence (i.e., 
v' w = 0.01 IV) and agrees well with the results of Liou et al., 20 indicating the influ- 
ence of turbulence on the mean velocity field. Farther downstream (x/h> 42), the 
flowfield is dominated by compressibility effects, and the variation of fi closely 
follows that predicted by laminar compressible-flow theory. 


C. Turbulence Energy Spectrum and Transport Properties 

To make use of the equilibrium hypothesis generally employed in sgs models 
for estimating the effect of unresolved scales on large-scale structures, the cutoff 
wave number for turbulence computation should lie in the inertial subrange of the 
turbulence energy spectrum. This is verified from the energy spectra of the axial 
velocity fluctuation at various locations, as shown in Fig. 8. The standard 5/3 
law of energy spectrum based on the Kolmogorov-Obukhov theory may not be 
observed in the present two-dimensional simulation. Lesieur et al. 37,38 indicate in 
their two-dimensional computation of a temporal mixing layer that the exponent 
of the wavenumber in the inertial subrange of the turbulence energy spectrum is 
close to -4. Gilbert 39 proposed that the kinetic energy spectrum results from spiral 
vortex distributions within the coherent vortices and should follow the law, 

where / is frequency. Figure 8 indicates that the spectrum in the inertial subrange 
lies between the f~ 3 and the f~ 4 variations. The result ensures that the energy 
spectrum is well captured in the present computation throughout the chamber, 
which further confirms the adequacy of the computational grid. 

Figures 9a through d show the vertical variations of turbulence intensity (I = 
VV + v' 2 ), vwV, VtV, and the Reynolds stress (u'v') at various axial locations, 
respectively. The measured turbulence intensity and Reynolds stress 9 are also in- 
cluded for comparison. The peak in the turbulence intensity increases rapidly 
and shifts toward the porous wall farther downstream. Since the mass influx is 
kept constant in the present study, the density decreases and injection velocity in- 
creases as the flow accelerates toward the throat. The increasing injection velocity 
tends to reduce the wall-damping effect, and therefore little change in the vertical 
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Fig. 8 Turbulence energy spectrum of axial velocity fluctuations at various axial 
locations. 

location of turbulence intensity peak occurs beyond x/h = 35. Figures 9b and c 
show the relative contribution of the axial and radial velocity fluctuations to the tur- 
bulence intensity. The internal flowfield is dominated by the strain rates in the axial 
direction, causing a higher intensity in the axial component. The underprediction of 
the Reynolds stress may be attributed to the lack of vortex stretching mechanism in 
the present two-dimensional simulation. The turbulent energy is transferred from 
large energy-carrying eddies to smaller scales through the energy cascade and is 
finally dissipated at the molecular level through vortex stretching. The production 
mechanism in real turbulence is different from that in a two-dimensional simula- 
tion, because of the additional spanwise direction. The present approach represents 
an improvement, however, compared with the conventional two-equation models, 
which do not predict the Reynolds stress and overpredict the turbulence intensity 
level. 12 


D. Motor Flow Development 

The overall flow development in the motor can be characterized by three distinct 
regimes — laminar, transitional, and fully turbulent flows — as shown schematically 
in Fig. 10. Near the head end, the flow is laminar and its velocity profiles can be 
determined by the laminar similarity theory. 6 7 The hydrodynamic instability then 
renders the flow unstable, and turbulence begins to occur in the downstream re- 
gion (point A). Unlike channel flows without surface injection, the outbreak of 
turbulence takes place away from the wall, with the region of intensive turbu- 
lence production shifting toward the wall as the flow accelerates in the down- 
stream region. Within the initial transition regime, the mean velocity profiles still 
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Present, • • • Exp. (Traineau et al„ 1986) 


Fig. 9 Vertical distributions of turbulence properties at various axial locations. 


correspond to the form predicted by the laminar similarity theory, because of the 
predominance of the pressure gradient over the viscous stress. As the flow develops 
further, a strong turbulent flow regime is observed. The deviation of the mean ve- 
locity profiles from those predicted by incompressible-laminar flow theory become 
significant due to the effect of turbulence and fluid compressibility. 

Although the entire flowfield is driven by the mass injection through the porous 
wall, the characteristics of each flow regime are dominated by different physical 
mechanisms. To facilitate discussion, three key parameters characterizing the flow 
development are defined here: the injection Reynolds number Re w = v w h/v, the 
mean-flow Reynolds number Re m = Ubh Jv, and the momentum flux coefficient 
defined in Eq. (32). The laminar flow regime reaches from the head end to about 
x / h = 20. The turbulence intensity is extremely small, and the velocity profiles can 
be described by the laminar-flow theory. An analytical study conducted by Hu 40 
indicates that for the injection Reynolds numbers Re w greater than 500, the velocity 
profiles are almost identical to the prediction, based on an inviscid rotational-flow 
analysis, Eq. (31). Significant differences are found, however, between the velocity 
profiles for inviscid and viscous flows for Re w less than 100. This observation is 
consistent with the experimental findings of Dunlap et al. 41 For moderate and high 
injection Reynolds numbers, the flow is driven mainly by the pressure gradient 
arising from the mass injection; the viscous shear stress plays a much less important 
role in determining the flow development. Since the injection Reynolds number 
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Fig. 10 Schematic diagram of internal flow development in a chamber. 


near the head end is about 1 5 x 10 3 in the present case, the calculated velocity agrees 
closely with the cosine profile. A similar observation is made for the distribution 
of the radial velocity, which can be predicted by the following expression: 



The second regime is characterized by the onset of turbulence. When the fluid 
particle moves downstream, the local velocity and Reynolds number increase and 
eventually reach a point at which turbulent fluctuations occur. The classical hy- 
drodynamic instability analysis of the Poiseulle flow cannot accurately predict 
the laminar-to-turbulence transition in a porous duct with surface transpiration. 
Varapaev and Yagodkin 42 found that the effect of the vertical velocity component 
must be taken into account in predicting the critical Reynolds number Re* for the 
onset of turbulent oscillation. For a small injection Reynolds number, a substantia] 
reduction of Re* from its counterpart for an impermeable pipe flow is observed, due 
to the destabilizing effect of the transverse velocity component. For Re w greater 
than 300, however, the critical Reynolds number increases linearly with Re w , due 
to the stabilizing effect of the resultant favorable pressure gradient. Figure 9 indi- 
cates that the turbulent kinetic energy remains at a very low level in the head-end 
region up to x/fi =20 and increases rapidly afterward. The mean velocity profile 
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only changes slightly, as shown in the transitional region (i.e., 20 < x/h < 25) in 
Figs. 6 and 7. 

As the flow develops farther downstream, the velocity profile transits into the 
shape of a fully developed turbulent pipe flow with surface transpiration. The 
axial velocity gradient becomes much steeper near the wall but smoother in the 
core region. The value of the momentum flux coefficient fi decreases down to 
1.04 at the chamber exit. It should be noted that, in addition to the turbulence 
effect, fluid compressibility might exert more significant influence on the varia- 
tion of the velocity profile due to the large density gradient in the downstream 
region. 


V. Effect of Acoustic Oscillation on Flow Evolution 

After the stationary motor flowfield is obtained, traveling acoustic oscillations 
are imposed at the head end for two frequencies of 673 and 1 346 Hz, corresponding 
to the second and fourth modes of the longitudinal standing wave in the chamber. 
The amplitude of the pressure fluctuation is about 5% of the mean pressure at the 
head end, i.e., p = 3. 142 atm. Computations are performed for 10 cycles of acoustic 
oscillations in order to obtain statistically meaningful results for data analysis. 


A. Decomposition and Averaging 

The imposed periodic fluctuations give rise to additional mechanisms of 
energy transfer between the mean and the turbulent flow. By following the triple 
decomposition of Hussain and Reynolds, 43 each resolved-scale flow property 
§ r (x, t) can be expressed as the sum of the time-averaged §(*), periodic 3° (A, r), 
and filtered turbulent 3'(x, t) quantities as follows: 

§ r (jc, t) = §(x) + 3 fl (x, t) + 3'fjc, t) (34) 

Both the ensemble- and the time-averaging techniques defined below 44 are em- 
ployed to facilitate the decomposition. 

Ensemble averaging : 



(35) 


Time averaging: 


(x, to + nAt), where N At » r (36) 

3“(x, t) = (% r (x, t)) - §(r) (37) 

where x is the period of the forced oscillation. 5(x) is the long-time average 
starting from the initial time to, after which steady fluctuations of flow prop- 
erties are observed. S a (x, t) is the short-time average and represents the peri- 
odic fluctuating part. Evaluation of the ensemble average requires calculation 
and storage of flow quantities over a large number of cycles, to achieve sta- 
tistical significance. To bypass this computational difficulty, it can be alterna- 
tively obtained using time-frequency localization techniques based on the wavelet 
or fast Fourier transform (FFT) theories. The latter is employed in the present 
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Fig. 11 Time histories of turbulent and acoustic fluctuations: a) pressure; b) axial 
velocity. 


work. The fluctuating part comprising the turbulent and periodic oscillations is 
first obtained by subtracting the long-time averaged quantity from its instan- 
taneous value. An FFT technique is then applied to transform the data from 
the physical to the spectral space. The periodic signal is of a known frequency 
and can be separated from the original signal by using a windowed Fourier 
transform in the frequency domain. Figures 11a and b show the time evolution 
of the pressure and axial velocity fluctuations at x/h=30 and y/h = 0.9 for 
/ = 673 Hz. These signals involve a wide range of frequency corresponding to 
turbulent fluctuations, in addition to the frequency of the imposed periodic motion. 
Figures 12a and b show the power density spectra of the pressure and axial velocity 
fluctuations, exhibiting a distinct peak at 673 Hz. A corresponding power density 
spectrum for the velocity fluctuation without imposed acoustic motion is shown in 
Fig. 13. The magnitude of velocity fluctuation with impressed acoustic oscillations 
is higher than that of the stationary turbulence case indicating enhanced turbu- 
lence production due to interactions between periodic and turbulent motions. The 
qualitative distributions of the power density spectrum are the same for both with 
and without imposed acoustic oscillations. This facilitates the use of the above 
procedure to accurately compute the turbulent and periodic fluctuations from the 
total signal. 


B. Vorticity Field 

Figures 14 and 15 show the time evolution of the vorticity fields with imposed 
acoustic motions at frequencies of 673 and 1346 Hz, respectively. Oscillatory 
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Fig. 12 Power spectral density (PSD) of fluctuating quantity with forced oscillations 
at / = 673 Hz: a) pressure; b) axial velocity. 

vorticity is generated at the injection surface because of the no-slip condition . 1315 
Streaks of vortex lines, which were absent in the stationary case, are clearly 
observed in the upstream laminar regime. The acoustic fluctuation-induced shear 
waves undergo transition in the midsection of the motor, giving rise to large-scale 
motions in the turbulent region. The eddy motions in the acoustic environments 
appear to be more organized, compared with the case without acoustic waves, 
and show strong interaction between turbulence and periodic excitations. The 



Fig. 13 Power spectral density (PSD) of axial-velocity fluctuation without forced 
oscillations. 
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Fig. 14 Time evolution of vorticity fluctuations: / = 673 Hz. 


fluctuating fields for the two frequencies shown here appear to be drastically differ- 
ent in the upstream regime. For f — 673 Hz, the turbulence transition occurs farther 
upstream, suggesting enhanced turbulence-production mechanisms arising from 
interactions with acoustic motions. For the higher-frequency case of 1 346 Hz, the 
turbulence level upstream is minimal. Thus, low-frequency acoustic motions in 
a rocket motor appear to have more significant influence on the oscillatory flow- 
field. 


C. Acoustic Field 

Before analyzing the interactions between the acoustic and the turbulent flow- 
fields, a systematic analysis of traveling waves in a rocket motor is performed. 
Figure 16 shows the time evolution of the acoustic pressure along the center- 
line of the motor. A 35% decrease in the magnitude occurs between the head 
end and the throat. The result is compared with the prediction from quasi one- 
dimensional analysis, since the pressure field is predominantly one-dimensional. 
The theoretical model includes the mass influx at the wall as a source term in the 
governing equations, from which a linearized wave equation is derived. A trav- 
eling wave is simulated by imposing periodic boundary conditions at the head 
end based on the flow parameters used in the present study, viz-, rh" = 13 kg/m 2 s, 
p — 3.142 atm. The resultant differential equations and associated boundary con- 
ditions are solved using a space-marching technique. A detailed derivation of the 
formulation is given in the Appendix. 

The analysis focuses on the energy-loss mechanism of acoustic motions result- 
ing from the mass inflow through the lateral boundary of the chamber. The process 
takes place when a flow particle enters the chamber in a direction perpendicular to 



Fig. 15 Time evolution of vorticity fluctuations: / = 1346 Hz. 
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Fig. 16 Axial variations of pressure oscillation compared with analytical results. 

the propellant surface and contributes no kinetic energy to the waves in the longi- 
tudinal mode. The particle then undergoes a turn into the direction parallel to the 
chamber axis and eventually participates in the periodic motions, which comprise 
mainly axial oscillations. During this process, the incoming flow acquires energy 
from the original acoustic field, representing a redistribution of acoustic energy. 
The one-dimensional model of Culick 45 indicates, however, that the acoustic field 
loses its energy at a rate of twice that actually obtained by the incoming flow. The 
additional loss can be regarded as the net exchange of energy from the acoustic field 
to the mean flow field, which is termed “flow-turning loss.” The correct prediction 
of the decrease in the magnitude of acoustic pressure throughout the combustion 
chamber indicates the accuracy of the data-deduction procedure employed in this 
study. 


D. Effect of Acoustic Oscillation on Turbulence Properties 

The triple decomposition of Eq. (34) enables energy transfer to be viewed as 
taking place among three participating fields. The turbulent stress in the present 
case can be expressed as 

T ki = ~pu' k u\ - (38) 

It differs from its form for a stationary flow by virtue of an additi onal str ess due to 
the “organized” or “periodic” part of the oscillatory motions (— p«?w“). A set of 
differential equations describing the transport of the variance of the turbulent and 
periodic axial velocities may be deduced in the component form, yielding coupled 
time-averaged energy equations, 44 


D , 

= 

D 


du° 


-du a 




7^T 8 ““ 


dll° 


(39) 


^(o«x)= 


where D/D t denotes the substantial derivative following the mean motion of the 
fluid, and repeated English alphabets imply summation, while Greek letters imply 
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Fig. 17 Vertical distributions of turbulence intensity and Reynolds stress at various 

axial locations: ( ) without forced oscillations; ( ) with forced oscillations at 

/ = 673 Hz. 


no summation on the indices. Additional terms, such as pressure-strain, diffu- 
sion, and dissipation, are not explicitly written, as the focus herein is placed on 
t he pro duction terms in these transport equa tions. For t he case of pro duction of 
(pu'u')y the important correlations are pu'v'dii/Sy and pu'v'du a /dy. While the 
first term is equally important for stationary turbulence, the latter accounts for the 
energy exchange between the turbulent and the oscillatory fields, as suggested by 
Brereton et al. 44 Figures 17 and 18 show the vertical distributions of the turbulence 
stress and intensity at various axial locations for two different acoustic frequencies, 
respectively. The corresponding stationary-turbulence properties are also indicated 
for comparison. The enhanced level of turbulence in the upstream region of the 



Fig. 18 Vertical distributions of turbulence intensity and Reynolds stress at various 

axial locations: ( ) without forced oscillations; ( ) with forced oscillations at 

/ = 1346 Hz. 
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Fig. 19 Contour plots of fluctuating axial velocity with forced oscillations at 
/ = 673 Hz. 


chamber for the low-frequency excitation of / = 673 Hz indicates the transfer of 
energy from the acoustic to the turbulent field. The acoustic wave indeed can invoke 
hydrodynamic instability and initiate turbulence in a much earlier stage. The inten- 
sity levels off with its value for the stationary-turbulence case in the downstream 
region. This may be attributed in part to the decreased acoustic energy in the down- 
stream region due to the flow-turning losses. Moreover, t he inc reased mean flow 
velocity gradient farther downstream causes the effect of pu'v'du/dy to override 
the energy production arising from acoustic excitation. The turbulence intensity 
and stress levels for the higher-frequency case of / = 1376 Hz (shown in Fig. 18) 
indicate limited change from the case without acoustic excitation in the upstream 
region. The increased frequency of periodic oscillation reduces the acoustic bound- 
ary layer thickness and exerts no influence on turbulence production in the upstream 
region due to the increased dissipation rate of unsteady vorticity transport. 14 


E. Effect of TYirbulence on the Acoustic Flowfield 

Although acoustic oscillations often enhance turbulence intensity through their 
interactions, turbulence tends to dissipate organized flow motions due to its in- 
duced eddy viscosity. Figures 19 and 20 show contour plots of the axial velocity 
fluctuation, including turbulent and periodic components, for two excitation fre- 
quencies, respectively. Turbulence overrides the periodic fluctuations in the down- 
stream region. The oscillatory velocity field exhibits a multidimensional structure. 
The acoustic pressure, however, is basically one-dimensional and no discernible 
variation in the vertical direction is observed. The unsteady flowfield comprises 
three distinct types of wave motions: acoustic (or irrotational), vortical (or shear), 



Fig. 20 Contour plots of fluctuating axial velocity with forced oscillations at 
/ = 1346 Hz. 
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Fig. 21 Amplitudes of fluctuating axial velocity at various axial locations at 
/ = 673 Hz: ( ) laminar flow; ( ) turbulent flow. 


and thermal (or entropy) waves. The thermal wave plays a very minor role in 
the present cold-flow simulation, but may become important in combustion cases. 
A comprehensive discussion of the acoustic and vortical wave motions in motor 
environments is given in a companion chapter. 46 Figures 21 and 22 present the 
vertical variations of the axial periodic velocity ( u a ) at various axial locations for 
/ = 673 and 1346 Hz, respectively. Both the laminar and the turbulent flow com- 
putations are presented for comparison. The velocity fluctuation in the core-flow 
region is governed by the isentropic traveling wave relationship with the acous- 
tic pressure. In the laminar-flow case, a velocity overshoot is observed near the 
porous wall because of the shear wave produced by the no-slip condition. 13,14 
This shear wave travels toward the centerline with the mean vertical velocity and 
is damped out by the viscous dissipation in the core-flow region. In the present 
study, the magnitude of the velocity overshoot near the porous wall is smaller than 
twice the centerline fluctuating velocity, as predicted by Flandro in his theoretical 
analysis. 13,14 The high chamber pressure (around 100 atm) considered in Ref. 13 
gives rise to a very low surface injection velocity, and hence a prominent acous- 
tic boundary layer is obtained. The strong blowing effect arising from the high 
injection velocity in the present work, however, extends the acoustic boundary 
layer and spreads the shear-wave motion through the bulk of the chamber. This 
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Fig. 22 Magnitude of fluctuating acoustic velocity at various axial locations at 
/ = 1346 Hz: ( ) laminar flow; ( ) turbulent flow. 

reduces the magnitude of the axial velocity overshoot near the porous wall. In 
the turbulent flow case, the shear wave is effectively damped by the enhanced 
momentum transfer and dissipation rates as soon as it is convected away from 
the surface. The periodic velocity fluctuation in the upstream region for / = 673 
Hz appears more suppressed than in the higher-frequency case. This can be at- 
tributed to the acoustic wave-induced turbulence and its ensuing increase in the 
eddy viscosity in that region. The analysis elucidates intricate interactions among 
the mean, acoustic, and turbulent flowfields in a rocket motor. 


VI. Conclusions 

A comprehensive analysis of the flow development in a simulated nozzleless 
rocket motor with acoustic excitations has been performed by means of an LES 
technique. The flowfield can be characterized with three distinct regimes: lam- 
inar, transitional, and fully developed turbulent flows. The effect of turbulence 
and fluid compressibility on the mean flow structure was examined in depth. 
The interactions among the mean, turbulent, and periodic oscillatory flowfields 
were studied by imposing traveling acoustic waves in the chamber at two dif- 
ferent frequencies. The acoustic oscillation provides additional mechanisms to 
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transfer energy from periodic motions to turbulence and, consequently, leads to 
enhanced turbulence intensity and stresses. The laminar-to-turbulence transition 
takes place at a much earlier stage under conditions with acoustic waves, espe- 
cially in the low-frequency range. The influence of turbulence on the periodic 
oscillatory flowfield arises mainly in the enhanced momentum and energy transfer 
in the turbulent region. As a result of the acoustic wave-induced eddy viscosity, 
the shear wave originating from the surface is effectively dissipated as it travels 
downstream, thereby producing a qualitative change in the oscillatory flowfield, 
as predicted by the laminar-flow theory. The present work represents a major 
step toward a complete understanding of the unsteady flow evolution in rocket 
motors. 


Appendix 

The quasi-one-dimensional acoustic field in the chamber is formulated by ap- 
plying the conservation laws to an infinitesimal control volume enclosing the flow 
passage at a given cross section. The basic assumptions are that 

1) the gases obey the perfect-gas law and have constant thermophysical proper- 
ties, 

2) the viscous forces and heat transfer within the gases are ignored, 

3) the cross-sectional area of the chamber is assumed constant, 

4) the mass inflow at the lateral surface is kept fixed (i.e., m" = constant), and 

5) injection of the fluid is isothermal. 

The one-dimensional continuity, momentum, and energy equations take the 
following form: 


where 


9 p d(pu)_ — 

a, ax " 

(Al) 

A d< ^ + A a< f> + A S f =0 
at ox ax 

(A2) 

d(pe) A d( pue) 3 {pu) — 

A 9, ^ dx +A 3x = h * m - 

(A3) 


v 2 

hos = C P T S + -S-, e — C V T + u 2 /l (A4) 


and A is the cross-sectional area. The gas is injected vertically at the porous surface 
and thus makes no contribution to the axial momentum balance. The preceding 
equations can be transformed into the nonconservative form to facilitate derivation 
of the wave equation. With some straightforward manipulations and the use of the 
equation of state, Eqs. (A2) and (A3) become 


, du du dp 

M ¥ +puA ^ +A ^ =-•*; 


(A5) 



, du dp 

+ ypA— + uA^~ 
dx dx 


R 

cl 



m" 


(A6) 
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Linearization of Eqs. (A5) and (A6) leads to 


3 u! dp' d(uu') , d m , — 

M ir + V = ~ pA — ~ p ~ “ 


(A7) 


3 p 3 u dp 

A— — I- ypA—— = uA—— 
dt dx dx 


dp du R 

uA~ ypA— + -— 

dx dt C v 


uu'm’u (A8) 


Note that the following constitutive relation was used in deriving the preceding 
equations: 


= (— \ 
\9p) 


(A9) 


entropy 


For time-harmonic motions, the spatial and temporal dependence of each unsteady 
flow variable can be decomposed as follows: 


P = P(x)e“ 


u' = u(x)e u 


(A10) 


Substitution of Eq. (A 10) into Eqs. (A7) and (A8) gives rise to a set of coupled 
ordinary differential equations for pressure and velocity fluctuations as 


pAu 

A ' 

d 

M ' 

ypA 

uA 

dx 

.P. 


dii 

l dJ 


-pA—-ml-pAiw — 


uA du 

c 2 dx 


— dp 
(y - l)um" - A-^ 


-yA—-Aiw 

dx 


u 

IP. 
(All) 


The boundary conditions of p = 1 and u = p/~pc at the head end (x = 0) are speci- 
fied to simulate traveling acoustic oscillations in the chamber. A simple integration 
algorithm based on the Euler implicit method is used to solve Eq. (All) subject 
to the above boundary conditions. 
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III. Motor Interior Ballistics 



Chapter 3.1 


Effect of Acoustic Oscillation on Flow 
Development in a Simulated Nozzleless 
Rocket Motor 

Sourabh Apte* and Vigor Yang* 

Pennsylvania State University, University Park, Pennsylvania 


Nomenclature 

A = chamber cross section 

c = speed of sound 

c s = Smagorinsky constant 

D = near-wall damping function 

e = filtered total specific energy per unit volume 

E = turbulence energy 

/ = frequency, Hz 

G = spatial filter function 

Gk, u = amplification factor per time step 

h = chamber half-height, m 

I = turbulence intensity, sfu’u' v'v' 

I x = number of time steps required for one eddy lifetime 

k = wave number, 1/m 

L = chamber length, m 

( = turbulence length scale, m 

m" = injection mass flux, kg/m 2 s 

M = mean Mach number averaged over a given cross section 
M c = mean Mach number at centerline 

p = pressure. Pa 

Pr = Prandtl number 

q = large-scale velocity, m/s 

Re = Reynolds number 

Sq = strain-rate tensor, f(3u,/3x y ) + (3n ; /3x,))/2 - S i j(Bu k /dxi < )/3 
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T = temperature, K 

t = time, s 

u = axial velocity, m/s 

u = vertical velocity, m/s 

Uu, = injection velocity at wall, m/s 

Y - ratio of specific heats 

A = filter width 

Sjj = Kronecker delta 

8 = constant in Eq. (25) « 0.0025 

e a = amplitude of imposed pressure oscillation 

£ v = artificial dissipation coefficient 

r] = Kolmogorov length scale, m 

k = thermal conductivity, W/mK 

p, = dynamic viscosity, kg/ms 

v = kinematic viscosity, m 2 /s 

v s = subgrid-scale kinematic viscosity, m 2 /s 

p = density, kg/m 3 

a = CFL number 

r = viscous shear stress, N/m 2 

£ = grid parameter for LES 

Subscripts 

b = bulk mean quantity 

c = centerline 

w = wall 

Superscripts 

' = fluctuating component due to turbulence 

a = fluemating component due to imposed acoustic oscillation 

r = resolved-scale component 

s = subgrid-scale component 

= density-weighted quantity 
= time-averaged quantity 

I. Introduction 

M UCH of the research in the field of solid rocket propulsion has been di- 

rected toward establishing a clear understanding of the combustion insta- 
bility phenomenon. 1 In an effort to study the detailed coupling between propel- 
lant combustion dynamics and local flow oscillations in rocket motors, Yang and 
coworkers 2-5 conducted a series of numerical studies of homogeneous propellant 
combustion under conditions representative of practical propulsive systems. Much 
information has been obtained about the flame structure, heat release mechanism, 
propellant combustion response, and flow development. In spite of these contribu- 
tions to the knowledge base on combustion instability, however, existing models 
provide limited information concerning propellant burning behavior in oscillatory 
turbulent crossflows. Specifically, the interactions among the mean, acoustic, and 
turbulent flowfields, and their collective effect on propellant combustion dynamics 
and motor stability behavior, need to be addressed comprehensively. 
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Fig. 1 Schematic diagram of a simulated nozzleless rocket motor. 


As an attempt to address these fundamental issues, the present work concen- 
trates on the effect of acoustic oscillation on the flow development in a simulated 
nozzleless solid rocket motor, as shown schematically in Fig. 1 . The evolution of 
the propellant combustion products in the chamber is simulated by the mass injec- 
tion through the porous walls. The oscillatory field in a rocket motor consists of 
three distinct types of waves: acoustic (corresponding to irrotational, compressible 
flow motions), vortical (arising from rotationality of unsteady flow), and entropy 
(due to unsteady heat release and viscous dissipation) modes. The three waves, 
along with the transient combustion response of propellant, collectively dictate 
the chamber flame dynamics and subsequently the motor stability behavior. Tur- 
bulence plays a decisive role in determining the wave characteristics through its 
influence on the momentum and energy transfer in various parts of the chamber. 
In particular, the interactions between organized oscillatory motions and random 
turbulent fluctuations give rise to additional mechanisms of energy production, 
transfer, and dissipation in the flowfield. These phenomena were studied sepa- 
rately only for simplified configurations in the past. Little effort was made to 
address their collective effect, especially under conditions representative of real 
rocket motor environments. 

The injection-driven flow in a rocket motor is significantly different from a pipe 
flow with surface transpiration, because the combustion chamber is closed at the 
head end. The flowfield is essentially established through a balance between the 
pressure gradient and inertial forces, in contrast with a pipe flow, wherein the ve- 
locity profiles are determined by a balance between viscous and pressure forces. 
An analytical solution for this category of flows was first developed by Taylor 6 
and later validated by Culick, 7 revealing a cosine distribution for the axial ve- 
locity in the vertical direction. A theoretical analysis of inviscid, rotational, and 
compressible flowfield in a porous duct with the injection rate varying with local 
pressure was carried out by Balakrishnan et al. 8 The effect of fluid compressibility 
in flattening the radial profile of the axial velocity, in a manner analogous to that 
arising from turbulence in flows without surface transpiration, was established. 
Traineau et al. 9 performed an experimental study of the internal flowfield in a 
simulated nozzleless rocket motor, indicating three regimes of flow development. 
The velocity field develops in accordance with laminar flow theory in the upstream 
region and undergoes turbulence transition in the middle section of the chamber. 
Transition of the mean axial velocity profile occurs farther downstream, where 
there appears a fully developed turbulent flowfield with surface mass injection. 
The experiments were carried out at a high injection Reynolds number (15 x 10 3 ) 
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and elucidated the compressibility effect on the mean velocity profile. Dunlap 
et al. 10 conducted measurements of flow properties in a cylindrical chamber at 
low injection Mach numbers (0.0018 and 0.0036). The corresponding injection 
Reynolds numbers (9 x 10 3 and 18 x 10 3 ) were typical of rocket motor values. 
The compressibility effect was not observed because of the low Mach number 
condition. Beddini' 1 simulated turbulent flows in porous-walled ducts at large in- 
jection Reynolds numbers by means of the Reynolds-stress turbulence model. The 
presence of turbulence fluctuations at the surface, termed “pseudo-turbulence,” was 
noted. Sabnis et al. 12 used conventional single-point turbulence closure schemes 
to simulate the flowfields in a rocket motor. 

Considerable effort has been expended in studying the interactions between 
acoustic fluctuations and motor internal flows. Flandro 1314 established the first 
analytical model dealing with unsteady vorticity transport in a rocket motor that 
arises from longitudinal acoustic motions. The work concentrates on cold-flow sim- 
ulations of laminar flowfields. Vuillot 15 studied the vortex-shedding phenomenon 
in segmented rocket motors. The unstable-mode frequencies and pressure levels 
were accurately predicted using a numerical approach. In real rocket environments, 
turbulence often occurs and exercises strong influence on the gas-phase flow/flame 
structures and consequently the propellant combustion response. Cai and Yang 16 
employed a modified two-layer turbulence closure scheme to investigate the two- 
phase flow interactions with longitudinal acoustic waves. Roh et al. treated the 
gas-phase flame dynamics and its coupling with the condensed-phase processes in 
a turbulent flow environment, following a similar approach of turbulence closure. 
In spite of their common use and ability to provide useful information, the second- 
order turbulence closure schemes usually overpredict turbulent flow properties in 
rocket motors and fail to offer in-depth knowledge of flow evolution. The use of 
ad hoc assumptions in these models renders them unsuitable for studying unsteady 
motor internal flows. 

High-level turbulence closure schemes based on large-eddy-simulation (LES) 
techniques provide a new avenue for studying motor internal flows. Although the 
computational effort required is enormous, this method allows for a comprehensive 
investigation of the turbulence effect. Piomelli 18 performed an LES analysis of the 
injection-driven flow in a porous chamber. His work focused on the development 
of wall-layer models suited for numerical calculations. Liou et al. 19 conducted a 
two-dimensional LES to achieve a better prediction of turbulence intensity and 
axial velocity profiles compared with the second-order turbulence closures. The 
deficiency in applying the wall-function method to injection-driven flows was ad- 
vocated by demonstrating that the mean velocity profiles away from the viscous 
sublayer vary along the chamber and cannot be collapsed into a unique universal 
wall law. The work was recently extended by considering the effect of turbulence 
intensity at the injection surface on the turbulence evolution. 20 In spite of the con- 
siderable work conducted in this area, a comprehensive understanding of the phys- 
ical processes occurring within the motor remains lacking. In particular, the mutual 
coupling between acoustic and turbulent flow motions needs to be explored. 

This chapter attempts to study the internal flowfield in a simulated nozzle- 
less rocket motor with acoustic excitations. The approach is based on the LES 
technique. The contribution of large energy-carrying structures to momentum and 
energy transfer is computed exactly with the effect of small scales of turbulence 
modeled semiempirically. Various underlying fluid-dynamic mechanisms respon- 
sible for driving unsteady motions in a motor are studied. Owing to the limita- 
tions of the computational resources and the two-dimensionality of the chamber, a 
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two-dimensional analysis is carried out herein to provide useful insight into the 
complex flowfield with acoustic excitation. The present work lacks the vortex- 
stretching phenomenon commonly observed in turbulent flows but allows for 
unpredictability and rapid mixing with enhanced momentum and mass transfer, 
the essential features of turbulent flows. Compared with conventional second- 
order closure schemes, which are based on ad hoc hypotheses, the present work 
marks an improvement in predicting turbulence characteristics. A complete three- 
dimensional simulation is required further to improve and corroborate the results 
and will be presented in subsequent publications. 

In the following sections, a complete theoretical formulation of the motor inter- 
nal flow is summarized, with a brief description of the numerical implementation. 
The work starts with calculations of the motor internal flowfield under stationary 
conditions. Periodic oscillations are then imposed at the head end to simulate trav- 
eling acoustic waves in the chamber. The main objectives of the present study are 
1) to investigate the internal flowfield in a simulated rocket motor with surface 
injection, 2) to study the coupling between the imposed periodic fluctuations and 
turbulent motions, and 3) to explore the energy exchange and turbulence production 
mechanisms under nonstationary mean flow conditions. 


II. Theoretical Formulation 


Figure 1 shows the physical model for the problem, which simulates the flow 
development in a nozzleless solid-propellant rocket motor studied experimentally 
by Traineau et al. 9 The chamber is closed at the head end and is connected down- 
stream with a choked divergent nozzle at the exit. Air is injected uniformly through 
the porous wall to simulate the evolution of propellant combustion products from 
the surface. The flow accelerates from zero at the head end and becomes super- 
sonic in the nozzle section. The flowfield is governed by the following conservation 
equations of mass, momentum and energy, 21 


dp_ d(pu k ) 
dt dxk 


(1) 


d(pUk) d{pu k ui ) _ _ dp_ + d<y k i 

3 1 3 xi 3 Xk 3 xi 


d(pe) d(phu k ) dq k 

1 = (- m 

3 1 dxk dxk 


( 3 ) 


where p is the density, u the velocity vector, p the thermodynamic pressure, h the 
total specific enthalpy, e the total specific internal energy, and T the temperature. 
The standard tensor notation with repeated indices implying summation over the 
axial and vertical components is used. The viscous stress a k u the thermal diffusion 
q k , and the viscous dissipation <p are defined as 
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where n is the dynamic viscosity and k the thermal conductivity. The governing 
equations are supplemented with the equation of state for an ideal gas 

P = pRT (7) 


where R is the gas constant. The thermodynamic properties are assumed constant 
for the present case of cold-flow simulation, as the temperature variation within 
the flowfield of interest is not significant. 

Turbulence closure is obtained based on the large-eddy simulation technique 
in which large, energy-carrying structures are computed exactly and the effect of 
small-scale motions on large scales is modeled. A spatial filter G is used to decom- 
pose the flow variables into large (resolved) and subgrid (unresolved) scales, 22 

S(x, t) = £f(*, f) + 3 j (jc, t) with S r (x,t) = f G(x - x', A )$(*', t)d 3 x' 

Jd 

(8) 


where D is the entire domain; A the computational mesh size, which determines the 
size and structure of the unresolved scales; and S any flow property, viz., p, p, , 
or T. The superscripts r and represent the resolved and unresolved scales of flow 
properties. The Favre averaging is further used to simplify the governing equations 
for compressible turbulent flow simulations. 22 This density-weighted averaging 
eliminates complex triple correlations between density and velocity fluctuations 
in the governing equations and is given as 




(psy 

p r 


(9) 


Contrary to the more traditional Favre time averaging, 23 
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The filtered form of the governing equations can be written as 
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where p r = p r Rf r and ( ) represents the filtering operation defined by Eq. (8). 

and <p r represent the viscous stresses and dissipation of the resolved scales, 
respectively. The terms t and Qk are the subgrid-scale (sgs) stresses and heat 
fluxes, respectively, and are given as 


*kl = ~P 
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Qk — Cpp 


T r ) + ( u\T + u\t s - u r k T s - u{T r ) 


+ - «£?*)) (15) 

The first terms in the small parentheses in Eqs. (14) and (15) can be computed 
directly once a filter function is defined. The other terms need to be modeled and 
represent the effect of unresolved scales on the resolved scales of motion. One 
important feature of any sgs model is to provide adequate dissipation. Here, dis- 
sipation means transport of energy from resolved scales to unresolved subgrid 
scales, and the rate of dissipation represents the flux of energy through the inertial 
subrange of the turbulence spectrum. 24 A Smagorinsky model extended to com- 
pressible flows is used to model these terms, as suggested by Erlebacher et al. 22 
Accordingly, the sgs terms are modeled by relating the sgs stresses to the large- 
scale strain-rate tensor S r k! , through the eddy viscosity (v T ) and the sgs kinetic 
energy ( K ), as follows: 

t u ~ \hiK = —2v T p r S kl (16) 



with 

Vt = cd(DA) 2 (2SijS-j)^ and K = c /P r (DA) 2 (25r.5T) (18) 

where A is the average size of the computational cell, and c o (%0.01) and 
c/(«0.007) are the model constants, based on the work of Erlebacher et al. 22 The 
Van-Driest damping function (D) is used to take into account the inhomogeneities 
near the surface 20,2 ' and is expressed as 

D = 1 - exp (1 - (y + ) 3 /26 3 ) (19) 


where y + = yu\jv. The effect of surface transpiration is indirectly obtained 
through the wall shear stress z', which appears in the computation of the fric- 
tion velocity u r x . The heat flux is modeled similarly by defining an eddy diffusivity 
and relating it to the viscosity through the turbulent Prandtl number (Pr T ). 


Qk = -p r c P -^~ 


v T dT r 
Pr T dx k 


(20) 


A standard value of 0.7 is used for the turbulent Prandtl number based on air as 
the medium. 22 


Boundary conditions. The method of characteristics is used to specify the 
boundary conditions. For the subsonic inflow through the porous surface, three 
conditions need to be specified. The mass and energy fluxes are kept constant and 
the injection velocity is assumed to be vertical (i.e., u r = 0). At the head end 
of the motor, the gradients of axial pressure and vertical velocity are set to zero, 
along with the adiabatic condition. Application of the slip condition at the head 
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end is necessary to avoid a numerically induced recirculating flow at the injection 
surface. 25 Symmetry conditions are applied along the centerline of the motor. The 
supersonic outflow requires no boundary conditions, according to the method of 
characteristics. The flow variables at the exit are extrapolated from those within 
the computational domain. 

After a stationary flow is obtained, traveling acoustic motions in the motor are 
simulated by imposing periodic pressure and velocity oscillations at the head end 
as follows: 


P a = £aP sin(27r ft) (21) 

u a =p/(pa) (22) 

where the overbar denotes the time-averaged quantity, and e a and a represent 

the percentage of the mean pressure and speed of sound, respectively. No phase 
difference exists between the pressure and the velocity fluctuations for such a 
simple wave. The temperature fluctuation is specified according to the isentropic 
relationship with the pressure. 

T a = T (1 + p a /pi Y - x 'v ) - T (23) 


III. Numerical Method and Error Analysis 

An accurate numerical scheme is essential for resolving various time and length 
scales of turbulent motions. The issue of a priori estimation of computational errors 
in turbulence simulations has recently been addressed by several researchers. 26 ' 27 
Ghosal 26 analyzed the truncation errors of the various terms in finite-difference 
equations and compared the contributions of the errors at a given time with the 
exact terms for incompressible flow equations. A model turbulence spectrum was 
employed to facilitate the comparison. Results indicated that for finite-difference 
methods the errors created by approximating the convection terms generally dom- 
inate errors introduced by other terms in the governing equation. These convection 
terms are important in any turbulence computation at large Reynolds numbers, as 
they represent the dominance of inertial force over viscous force. Fabignon et al. 27 
and Beddini et al. 28 extended the von Neumann stability analysis 29,30 to assess 
the importance of the errors associated with convection terms by introducing a 
reference spectrum obtained from homogeneous, isotropic turbulence theory. This 
energy spectrum was convected in accordance with the amplification factor of the 
numerical scheme and then compared with the initial spectrum after one large-eddy 
lifetime. An estimation of the numerical errors of nonlinear convection terms was 
made. The fourth-order Runge-Kutta scheme with the sixth-order Pade compact 
differencing for spatial descretization (RK4-6CP) was shown to resolve the tur- 
bulence energy spectrum in the inertial range for a wide range of Mach numbers. 
A significant reduction in computational time, compared with RK4-6CP, can be 
achieved by means of an alternative Runge-Kutta scheme presented by Jameson, 31 
which is fourth-order accurate in time and uses fourth-order central differencing 
in space (RK4-4C). It was shown by Beddini et al. 28 that the RK4-4C scheme 
resolves the energy spectrum with an accuracy comparable to that of the sixth- 
order Pade scheme over a wide range of Mach numbers. The compromise between 
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computational time and spatial accuracy facilitates the use of Jameson’s method 
in the present study. 

Following the analyses by Fabignon et al. 27 and Beddini et al., 28 the effect of 
computational errors on sgs modeling is investigated herein based on the Smagorin- 
sky subgrid eddy-viscosity model. The work extends the previous effort to incor- 
porate the effects of sgs models and artificial dissipation, introduced in central- 
difference schemes for numerical stabilization, on the convection of the turbulence 
energy spectrum. A thorough investigation is carried out for the RK4-4C method. 
The transport equation for the energy spectrum function E(k,t) for turbulent flows 
can be expressed as 28 

^E{k,t) + {U k ) AB (~\ E(k, t) = T(k, t) — D(k, t) — P(k, t) (24) 

dt \3x k / AB 

where T(k, t ) represents the energy transfer between wave numbers, D(k, t) the 
viscous dissipation, and P(k, t) the production term. A and B represent the points 
in the flowfield for two-point correlation. For stationary flows, the first term on 
the left-hand side is zero, and if homogeneity is assumed, the convective term 
also vanishes. Retention of the convective terms for spectral transport enables the 
present estimation of convection errors. Convection of the energy spectrum is as- 
sumed to take place at a constant mean velocity u k . The main objective of this 
work is to utilize a representative turbulence spectrum, obtained from the model of 
the transfer, dissipation, and production terms in the preceding equation, to allow 
for the estimation of the effectiveness of a numerical scheme. The initial kinetic 
energy spectrum is introduced using Tennekes and Lumley’s analysis. 32 It models 
the production-dominated part of the spectrum at low wave numbers, represent- 
ing large, energy-carrying structures, and provides the classical k~ 5 ' 3 power law 
in the inertial subrange, representing equilibrium turbulence. The dimensionless 
spectrum of turbulent energy is given as 28 

E(k, 0) = a(8Re c y 5J \kT])- 5 ' 3 x exp(-1.57ri3v^(5Re c ) _1 (k/?) -4/3 ) (25) 

where a is the Kolmogorov constant and r\ the Kolmogorov length scale. Exper- 
imental data show that a and fi are 1.5 and 0.3, respectively. 27 28 An order-of- 
magnitude estiamte relates the turbulent Reynolds number (Re,) and the Reynolds 
number at the centerline of the motor (Re c ), 


Re, 8Re c 


(26) 


where V& q/U « t/L. 

Convection of the initial energy spectrum depends on the numerical scheme and 
takes the form 

E(k,x)=\G k J h E(k,Q) (27) 


where G kiU is the amplification factor obtained from the eigenvalue u of the nu- 
merical scheme. l x is the number of time steps required to reach one eddy lifetime 
r, which depends on the grid size and the CFL number a\ 


/ r =<53 
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Fig. 2 Dimensionless turbulent energy spectrum of the RK4-4C scheme with £ = 20: 
a) effect of CFL number for e v - 0; b) effect of artificial dissipation and sgs model for 
CFL = 0.5. 


where £ is the grid parameter (A x/rj), This approach provides a basis for selection 
of grid size for large-eddy simulation, which requires the cutoff wavenumber to 
be in the inertial range of the energy spectrum. 

Figure 2a shows the spectrum for the RK4-4C scheme for various CFL numbers 
after one eddy lifetime, at a representative motor condition of Re c = 3 x 10 5 and 
M c = 0.5. No artificial dissipation is considered in this analysis, i.e., e v = 0. The 
grid parameter £ of unity implies that the entire range of turbulence scale, up 
to the Kolmogorov length scale, is modeled as in a direct numerical simulation 
(DNS). £ usually varies between 10 and 50 for typical large-eddy simulations and 
is approximately 15 in the present computation. A decrease in f shifts the cutoff 
point toward the DNS value. £ = 20 is used here to illustrate die range of scale 
resolved in LES compared with DNS. The numerical scheme becomes neutrally 
stable at the maximum wave number and the spectrum rises to the cutoff point, 
as shown in Fig. 2a. An increase in the CFL number reduces the resolution of 
the energy spectrum owing to the reduction in the cutoff wave number. Since the 
computational time is inversely proportional to the CFL number, a CFL number 
of 0,5 is found to be a good compromise between accuracy and computational 
time. 
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Artificial dissipation is required to reduce the amplification factor and stabilize 
the numerical scheme at high wave numbers. Figure 2b shows the effect of the 
sixth-order artificial dissipation and Smagorinsky’s sgs model on convection of the 
energy spectrum. The eddy-viscosity hypothesis gives an estimate of the energy 
spectrum evolution as 33 

E(k, r) = £(k,0)exp^-2(/t??) 2 v / ^^l + (29) 

where the eddy viscosity (vr) is obtained from the sgs model as 

— =4.11c j 2 (v / a£)4 4/3 (30) 

v 

The artificial dissipation and sgs dissipation are of the same order in the present 
case, as evidenced in Fig. 2b. Ragab and Sheen 34 indicate that the dissipation 
mechanism in a three-dimensional turbulence simulation is very different from the 
artificial dissipation, because of the vortex stretching and rolling phenomena. Liou 
et al. 20 showed in their two-dimensional simulation of injection-driven flows that 
sgs stresses have negligible effects on the turbulence characteristics and the artifi- 
cial dissipation introduced by the numerical scheme can serve as an sgs model. The 
study partly provides a justification for not incorporating sgs models and relying on 
numerical artificial dissipation to produce the sgs effect on large energy-carrying 
structures. Accordingly, the sgs terms are neglected herein to save computational 
effort. 

Owing to the enormous computational effort required, only two-dimensional 
calculations are performed in the present work to study the interactions between 
acoustic oscillations and motor flow evolution. The analysis, in spite of the lack of a 
vortex-stretching mechanism, is more accurate than conventional models based on 
second-order turbulence closure schemes and allows for a systematic investigation 
into the oscillatory flowfields in a rocket motor. Results will be further corroborated 
in a subsequent study using full three-dimensional large-eddy simulations. 35 

IV. Stationary Flowfield 

The analysis described above is used to first study the flow development in a 
simulated nozzleless rocket motor, as shown schematically in Fig. 1 . The chamber 
is two-dimensional and measures 48 cm in length and 2 cm in height. The nozzle 
at the exit is 3.2 cm long, with a divergence angle of 15 deg. The configuration 
and the flow parameters studied are based on the experiment of Traineau et al. 9 
Air is injected through the porous surface at a total temperature of 260 K and 
a total pressure of 3.142 atm. The mean injection mass flux is kept constant at 
m" — 13 kg/m 2 s, giving the injection velocity of 3.1 m/s. The numerical calculation 
is initialized with the analytical velocity profile for an inviscid incompressible flow 
with surface mass injection, 6,7 



where the subscript c represents the centerline. White noise is introduced in the 
inflow mass flux to perturb the mean flow for turbulence transition. The magnitude 
of perturbation is 90% of the mean quantity, as indicated by Traineau et al. 9 Such a 
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Fig. 3 Time evolution of the vorticity field. 


high level of turbulence intensity at the surface is employed to facilitate comparison 
with experimental data. The computational domain consists of 640 x 100 cells in the 
axial and vertical directions, respectively. A uniform grid is used in the x -direction, 
while the grid is stretched toward the surface in the y-direction with the smallest 
grid size of the order of 50 /zm. The grid size is based on the studies of Liou et al. 19,20 
and resolves the energy spectrum in the inertial subrange, as shown later. The CFL 
number is 0.5 and the time step is fixed at 5 x 10~ 8 s for time-accurate simulations. 
An outbreak of turbulence occurs at 4-5 ms of the physical time starting from the 
flow initialization based on Eq. (31). Stationary oscillations are obtained during 
8-20 ms, and the mean flow properties are evaluated in this time zone. 


A. Vorticity Field 

Figure 3 shows the temporal evolution of the vorticity field. To facilitate discus- 
sion, only the lower half of the chamber is presented, where y/h — 1 corresponds 
to the injection surface. Vorticity is produced at the propellant surface because the 
no-slip condition causes the flow to enter the chamber vertically and then turn to 
align smoothly with the axial axis. 13,14 Near the head end, turbulent fluctuations 
appear to be small and the flow is mostly laminar. Transition to turbulence occurs 
around x/h — 20-25, and the flow becomes highly turbulent farther downstream. 
Vorticity is rapidly convected away from the surface in this inertia-dominated flow, 
as evidenced by the presence of large energy-carrying structures. The present two- 
dimensional computation lacks the vortex-stretching phenomenon responsible for 
the transfer of energy from the large to the small scales through the energy cascade 
mechanism and, consequently, leads to lower dissipation and production rates. 
Nevertheless, it provides much useful insight into the flow development, which 
was not previously available using second-order turbulence closure schemes. 


B. Mean Flow Properties 

Figure 4 shows the contour plots of the time-averaged Mach number, pressure, 
and density fields. The exit Mach number of 2.2 agrees well with the analytical 
value for an isentropic flow through a divergent nozzle with a known area ratio and 
given stagnation pressure and temperature upstream. The pressure field is basically 
one-dimensional, due to the small injection Mach number, with increasing gradient 
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Fig. 4 Contour plots of mean Mach number, pressure, and density. 


toward the throat area. Figures 5 and 6 show the axial and vertical variations of 
the mean axial velocity, respectively. Also included is the analytical solution for 
an incompressible laminar flow. 6,7 Good agreement with the experimental data of 
Traineau et al. 9 is obtained. The flow is predominantly incompressible and laminar 
in the upstream region of the chamber. Deviation from the incompressible-flow 
solution starts between x/h — 20 and 30, due to the increasing Mach number and 
hence the compressibility effect. In the present study, the injection mass flux is 
kept constant. As a result of rapidly decreasing density toward the throat area, the 
local flow velocity increases and leads to changes in the velocity profile from 
its incompressible-flow counterpart. The enhanced momentum transfer due to 
turbulence also plays an important role. The transition of the mean velocity profile 
can be characterized in terms of the momentum flux coefficient as proposed by 
Huesmann and Eckert, 36 


fo P « 2 dy 

Pbu\h 


(32) 



Fig. 5 Variations of mean axial velocity in the axial direction. 
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Present, Analytical(laminar incomp.), • • • Exp. (T raineau et al. 1 986) 

Fig. 6 Variations of normalized mean axial velocity in the vertical direction. 


where the subscript b denotes the bulk mean quantity, obtained by averaging the 
corresponding flow property over a given cross section of the chamber. Figure 7 
compares the calculated ft with experimental data. 9 The momentum flux coefficient 
has a constant value of 1.234 for laminar incompressible flow and can be obtained 
using Eqs. (31) and (32). The decreasing density and increasing injection velocity 
toward the nozzle alter the vertical variation of the axial velocity and consequently 
cause an accelerated decrease in the value in the downstream region. The exper- 
imental value of /S at the head end is 1 . 1 6 instead of 1 .234 as predicted by laminar 
flow theory, because of the high level of turbulence at the porous wall generated in 
the experiments. 9 The agreement of the calculated in the upstream region with 
laminar flow theory implies uncertainties in the experimental measurements. Both 
the numerical and the experimental data show faster variation between x/h = 20 
and 30 in the turbulent regime. These results are very similar to those obtained by 
Beddini 11 for an axisymmetric duct with a low level of pseudo turbulence at the 
porous wall. 
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Fig. 7 Variation of momentum flux coefficient in the axial direction. 


The effect of surface-generated turbulence on the flow development is also 
studied. For a high level of wall turbulence (i.e., v' w = 0.9v w ), transition of the 
mean velocity profile occurs upstream of the motor (x/h =20). The transition 
point shifts downstream (x/h = 30) with a lower level of pseudo turbulence (i.e., 
v' w = 0.01 IV) and agrees well with the results of Liou et al., 20 indicating the influ- 
ence of turbulence on the mean velocity field. Farther downstream (x/h> 42), the 
flowfield is dominated by compressibility effects, and the variation of fi closely 
follows that predicted by laminar compressible-flow theory. 


C. Turbulence Energy Spectrum and Transport Properties 

To make use of the equilibrium hypothesis generally employed in sgs models 
for estimating the effect of unresolved scales on large-scale structures, the cutoff 
wave number for turbulence computation should lie in the inertial subrange of the 
turbulence energy spectrum. This is verified from the energy spectra of the axial 
velocity fluctuation at various locations, as shown in Fig. 8. The standard 5/3 
law of energy spectrum based on the Kolmogorov-Obukhov theory may not be 
observed in the present two-dimensional simulation. Lesieur et al. 37,38 indicate in 
their two-dimensional computation of a temporal mixing layer that the exponent 
of the wavenumber in the inertial subrange of the turbulence energy spectrum is 
close to -4. Gilbert 39 proposed that the kinetic energy spectrum results from spiral 
vortex distributions within the coherent vortices and should follow the law, 

where / is frequency. Figure 8 indicates that the spectrum in the inertial subrange 
lies between the f~ 3 and the f~ 4 variations. The result ensures that the energy 
spectrum is well captured in the present computation throughout the chamber, 
which further confirms the adequacy of the computational grid. 

Figures 9a through d show the vertical variations of turbulence intensity (I = 
VV + v' 2 ), vwV, VtV, and the Reynolds stress (u'v') at various axial locations, 
respectively. The measured turbulence intensity and Reynolds stress 9 are also in- 
cluded for comparison. The peak in the turbulence intensity increases rapidly 
and shifts toward the porous wall farther downstream. Since the mass influx is 
kept constant in the present study, the density decreases and injection velocity in- 
creases as the flow accelerates toward the throat. The increasing injection velocity 
tends to reduce the wall-damping effect, and therefore little change in the vertical 
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Fig. 8 Turbulence energy spectrum of axial velocity fluctuations at various axial 
locations. 

location of turbulence intensity peak occurs beyond x/h = 35. Figures 9b and c 
show the relative contribution of the axial and radial velocity fluctuations to the tur- 
bulence intensity. The internal flowfield is dominated by the strain rates in the axial 
direction, causing a higher intensity in the axial component. The underprediction of 
the Reynolds stress may be attributed to the lack of vortex stretching mechanism in 
the present two-dimensional simulation. The turbulent energy is transferred from 
large energy-carrying eddies to smaller scales through the energy cascade and is 
finally dissipated at the molecular level through vortex stretching. The production 
mechanism in real turbulence is different from that in a two-dimensional simula- 
tion, because of the additional spanwise direction. The present approach represents 
an improvement, however, compared with the conventional two-equation models, 
which do not predict the Reynolds stress and overpredict the turbulence intensity 
level. 12 


D. Motor Flow Development 

The overall flow development in the motor can be characterized by three distinct 
regimes — laminar, transitional, and fully turbulent flows — as shown schematically 
in Fig. 10. Near the head end, the flow is laminar and its velocity profiles can be 
determined by the laminar similarity theory. 6 7 The hydrodynamic instability then 
renders the flow unstable, and turbulence begins to occur in the downstream re- 
gion (point A). Unlike channel flows without surface injection, the outbreak of 
turbulence takes place away from the wall, with the region of intensive turbu- 
lence production shifting toward the wall as the flow accelerates in the down- 
stream region. Within the initial transition regime, the mean velocity profiles still 
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Present, • • • Exp. (Traineau et al„ 1986) 


Fig. 9 Vertical distributions of turbulence properties at various axial locations. 


correspond to the form predicted by the laminar similarity theory, because of the 
predominance of the pressure gradient over the viscous stress. As the flow develops 
further, a strong turbulent flow regime is observed. The deviation of the mean ve- 
locity profiles from those predicted by incompressible-laminar flow theory become 
significant due to the effect of turbulence and fluid compressibility. 

Although the entire flowfield is driven by the mass injection through the porous 
wall, the characteristics of each flow regime are dominated by different physical 
mechanisms. To facilitate discussion, three key parameters characterizing the flow 
development are defined here: the injection Reynolds number Re w = v w h/v, the 
mean-flow Reynolds number Re m = Ubh Jv, and the momentum flux coefficient 
defined in Eq. (32). The laminar flow regime reaches from the head end to about 
x / h = 20. The turbulence intensity is extremely small, and the velocity profiles can 
be described by the laminar-flow theory. An analytical study conducted by Hu 40 
indicates that for the injection Reynolds numbers Re w greater than 500, the velocity 
profiles are almost identical to the prediction, based on an inviscid rotational-flow 
analysis, Eq. (31). Significant differences are found, however, between the velocity 
profiles for inviscid and viscous flows for Re w less than 100. This observation is 
consistent with the experimental findings of Dunlap et al. 41 For moderate and high 
injection Reynolds numbers, the flow is driven mainly by the pressure gradient 
arising from the mass injection; the viscous shear stress plays a much less important 
role in determining the flow development. Since the injection Reynolds number 
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Fig. 10 Schematic diagram of internal flow development in a chamber. 


near the head end is about 1 5 x 10 3 in the present case, the calculated velocity agrees 
closely with the cosine profile. A similar observation is made for the distribution 
of the radial velocity, which can be predicted by the following expression: 



The second regime is characterized by the onset of turbulence. When the fluid 
particle moves downstream, the local velocity and Reynolds number increase and 
eventually reach a point at which turbulent fluctuations occur. The classical hy- 
drodynamic instability analysis of the Poiseulle flow cannot accurately predict 
the laminar-to-turbulence transition in a porous duct with surface transpiration. 
Varapaev and Yagodkin 42 found that the effect of the vertical velocity component 
must be taken into account in predicting the critical Reynolds number Re* for the 
onset of turbulent oscillation. For a small injection Reynolds number, a substantia] 
reduction of Re* from its counterpart for an impermeable pipe flow is observed, due 
to the destabilizing effect of the transverse velocity component. For Re w greater 
than 300, however, the critical Reynolds number increases linearly with Re w , due 
to the stabilizing effect of the resultant favorable pressure gradient. Figure 9 indi- 
cates that the turbulent kinetic energy remains at a very low level in the head-end 
region up to x/fi =20 and increases rapidly afterward. The mean velocity profile 
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only changes slightly, as shown in the transitional region (i.e., 20 < x/h < 25) in 
Figs. 6 and 7. 

As the flow develops farther downstream, the velocity profile transits into the 
shape of a fully developed turbulent pipe flow with surface transpiration. The 
axial velocity gradient becomes much steeper near the wall but smoother in the 
core region. The value of the momentum flux coefficient fi decreases down to 
1.04 at the chamber exit. It should be noted that, in addition to the turbulence 
effect, fluid compressibility might exert more significant influence on the varia- 
tion of the velocity profile due to the large density gradient in the downstream 
region. 


V. Effect of Acoustic Oscillation on Flow Evolution 

After the stationary motor flowfield is obtained, traveling acoustic oscillations 
are imposed at the head end for two frequencies of 673 and 1 346 Hz, corresponding 
to the second and fourth modes of the longitudinal standing wave in the chamber. 
The amplitude of the pressure fluctuation is about 5% of the mean pressure at the 
head end, i.e., p = 3. 142 atm. Computations are performed for 10 cycles of acoustic 
oscillations in order to obtain statistically meaningful results for data analysis. 


A. Decomposition and Averaging 

The imposed periodic fluctuations give rise to additional mechanisms of 
energy transfer between the mean and the turbulent flow. By following the triple 
decomposition of Hussain and Reynolds, 43 each resolved-scale flow property 
§ r (x, t) can be expressed as the sum of the time-averaged §(*), periodic 3° (A, r), 
and filtered turbulent 3'(x, t) quantities as follows: 

§ r (jc, t) = §(x) + 3 fl (x, t) + 3'fjc, t) (34) 

Both the ensemble- and the time-averaging techniques defined below 44 are em- 
ployed to facilitate the decomposition. 

Ensemble averaging : 



(35) 


Time averaging: 


(x, to + nAt), where N At » r (36) 

3“(x, t) = (% r (x, t)) - §(r) (37) 

where x is the period of the forced oscillation. 5(x) is the long-time average 
starting from the initial time to, after which steady fluctuations of flow prop- 
erties are observed. S a (x, t) is the short-time average and represents the peri- 
odic fluctuating part. Evaluation of the ensemble average requires calculation 
and storage of flow quantities over a large number of cycles, to achieve sta- 
tistical significance. To bypass this computational difficulty, it can be alterna- 
tively obtained using time-frequency localization techniques based on the wavelet 
or fast Fourier transform (FFT) theories. The latter is employed in the present 
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Fig. 11 Time histories of turbulent and acoustic fluctuations: a) pressure; b) axial 
velocity. 


work. The fluctuating part comprising the turbulent and periodic oscillations is 
first obtained by subtracting the long-time averaged quantity from its instan- 
taneous value. An FFT technique is then applied to transform the data from 
the physical to the spectral space. The periodic signal is of a known frequency 
and can be separated from the original signal by using a windowed Fourier 
transform in the frequency domain. Figures 11a and b show the time evolution 
of the pressure and axial velocity fluctuations at x/h=30 and y/h = 0.9 for 
/ = 673 Hz. These signals involve a wide range of frequency corresponding to 
turbulent fluctuations, in addition to the frequency of the imposed periodic motion. 
Figures 12a and b show the power density spectra of the pressure and axial velocity 
fluctuations, exhibiting a distinct peak at 673 Hz. A corresponding power density 
spectrum for the velocity fluctuation without imposed acoustic motion is shown in 
Fig. 13. The magnitude of velocity fluctuation with impressed acoustic oscillations 
is higher than that of the stationary turbulence case indicating enhanced turbu- 
lence production due to interactions between periodic and turbulent motions. The 
qualitative distributions of the power density spectrum are the same for both with 
and without imposed acoustic oscillations. This facilitates the use of the above 
procedure to accurately compute the turbulent and periodic fluctuations from the 
total signal. 


B. Vorticity Field 

Figures 14 and 15 show the time evolution of the vorticity fields with imposed 
acoustic motions at frequencies of 673 and 1346 Hz, respectively. Oscillatory 
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Fig. 12 Power spectral density (PSD) of fluctuating quantity with forced oscillations 
at / = 673 Hz: a) pressure; b) axial velocity. 

vorticity is generated at the injection surface because of the no-slip condition . 1315 
Streaks of vortex lines, which were absent in the stationary case, are clearly 
observed in the upstream laminar regime. The acoustic fluctuation-induced shear 
waves undergo transition in the midsection of the motor, giving rise to large-scale 
motions in the turbulent region. The eddy motions in the acoustic environments 
appear to be more organized, compared with the case without acoustic waves, 
and show strong interaction between turbulence and periodic excitations. The 



Fig. 13 Power spectral density (PSD) of axial-velocity fluctuation without forced 
oscillations. 
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Fig. 14 Time evolution of vorticity fluctuations: / = 673 Hz. 


fluctuating fields for the two frequencies shown here appear to be drastically differ- 
ent in the upstream regime. For f — 673 Hz, the turbulence transition occurs farther 
upstream, suggesting enhanced turbulence-production mechanisms arising from 
interactions with acoustic motions. For the higher-frequency case of 1 346 Hz, the 
turbulence level upstream is minimal. Thus, low-frequency acoustic motions in 
a rocket motor appear to have more significant influence on the oscillatory flow- 
field. 


C. Acoustic Field 

Before analyzing the interactions between the acoustic and the turbulent flow- 
fields, a systematic analysis of traveling waves in a rocket motor is performed. 
Figure 16 shows the time evolution of the acoustic pressure along the center- 
line of the motor. A 35% decrease in the magnitude occurs between the head 
end and the throat. The result is compared with the prediction from quasi one- 
dimensional analysis, since the pressure field is predominantly one-dimensional. 
The theoretical model includes the mass influx at the wall as a source term in the 
governing equations, from which a linearized wave equation is derived. A trav- 
eling wave is simulated by imposing periodic boundary conditions at the head 
end based on the flow parameters used in the present study, viz-, rh" = 13 kg/m 2 s, 
p — 3.142 atm. The resultant differential equations and associated boundary con- 
ditions are solved using a space-marching technique. A detailed derivation of the 
formulation is given in the Appendix. 

The analysis focuses on the energy-loss mechanism of acoustic motions result- 
ing from the mass inflow through the lateral boundary of the chamber. The process 
takes place when a flow particle enters the chamber in a direction perpendicular to 



Fig. 15 Time evolution of vorticity fluctuations: / = 1346 Hz. 
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Fig. 16 Axial variations of pressure oscillation compared with analytical results. 

the propellant surface and contributes no kinetic energy to the waves in the longi- 
tudinal mode. The particle then undergoes a turn into the direction parallel to the 
chamber axis and eventually participates in the periodic motions, which comprise 
mainly axial oscillations. During this process, the incoming flow acquires energy 
from the original acoustic field, representing a redistribution of acoustic energy. 
The one-dimensional model of Culick 45 indicates, however, that the acoustic field 
loses its energy at a rate of twice that actually obtained by the incoming flow. The 
additional loss can be regarded as the net exchange of energy from the acoustic field 
to the mean flow field, which is termed “flow-turning loss.” The correct prediction 
of the decrease in the magnitude of acoustic pressure throughout the combustion 
chamber indicates the accuracy of the data-deduction procedure employed in this 
study. 


D. Effect of Acoustic Oscillation on Turbulence Properties 

The triple decomposition of Eq. (34) enables energy transfer to be viewed as 
taking place among three participating fields. The turbulent stress in the present 
case can be expressed as 

T ki = ~pu' k u\ - (38) 

It differs from its form for a stationary flow by virtue of an additi onal str ess due to 
the “organized” or “periodic” part of the oscillatory motions (— p«?w“). A set of 
differential equations describing the transport of the variance of the turbulent and 
periodic axial velocities may be deduced in the component form, yielding coupled 
time-averaged energy equations, 44 


D , 

= 

D 


du° 


-du a 




7^T 8 ““ 


dll° 


(39) 


^(o«x)= 


where D/D t denotes the substantial derivative following the mean motion of the 
fluid, and repeated English alphabets imply summation, while Greek letters imply 




814 


S. APTE AND V. YANG 


W 

w 

E 


!> 

"b 


o) 


E 



Fig. 17 Vertical distributions of turbulence intensity and Reynolds stress at various 

axial locations: ( ) without forced oscillations; ( ) with forced oscillations at 

/ = 673 Hz. 


no summation on the indices. Additional terms, such as pressure-strain, diffu- 
sion, and dissipation, are not explicitly written, as the focus herein is placed on 
t he pro duction terms in these transport equa tions. For t he case of pro duction of 
(pu'u')y the important correlations are pu'v'dii/Sy and pu'v'du a /dy. While the 
first term is equally important for stationary turbulence, the latter accounts for the 
energy exchange between the turbulent and the oscillatory fields, as suggested by 
Brereton et al. 44 Figures 17 and 18 show the vertical distributions of the turbulence 
stress and intensity at various axial locations for two different acoustic frequencies, 
respectively. The corresponding stationary-turbulence properties are also indicated 
for comparison. The enhanced level of turbulence in the upstream region of the 



Fig. 18 Vertical distributions of turbulence intensity and Reynolds stress at various 

axial locations: ( ) without forced oscillations; ( ) with forced oscillations at 

/ = 1346 Hz. 
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Fig. 19 Contour plots of fluctuating axial velocity with forced oscillations at 
/ = 673 Hz. 


chamber for the low-frequency excitation of / = 673 Hz indicates the transfer of 
energy from the acoustic to the turbulent field. The acoustic wave indeed can invoke 
hydrodynamic instability and initiate turbulence in a much earlier stage. The inten- 
sity levels off with its value for the stationary-turbulence case in the downstream 
region. This may be attributed in part to the decreased acoustic energy in the down- 
stream region due to the flow-turning losses. Moreover, t he inc reased mean flow 
velocity gradient farther downstream causes the effect of pu'v'du/dy to override 
the energy production arising from acoustic excitation. The turbulence intensity 
and stress levels for the higher-frequency case of / = 1376 Hz (shown in Fig. 18) 
indicate limited change from the case without acoustic excitation in the upstream 
region. The increased frequency of periodic oscillation reduces the acoustic bound- 
ary layer thickness and exerts no influence on turbulence production in the upstream 
region due to the increased dissipation rate of unsteady vorticity transport. 14 


E. Effect of TYirbulence on the Acoustic Flowfield 

Although acoustic oscillations often enhance turbulence intensity through their 
interactions, turbulence tends to dissipate organized flow motions due to its in- 
duced eddy viscosity. Figures 19 and 20 show contour plots of the axial velocity 
fluctuation, including turbulent and periodic components, for two excitation fre- 
quencies, respectively. Turbulence overrides the periodic fluctuations in the down- 
stream region. The oscillatory velocity field exhibits a multidimensional structure. 
The acoustic pressure, however, is basically one-dimensional and no discernible 
variation in the vertical direction is observed. The unsteady flowfield comprises 
three distinct types of wave motions: acoustic (or irrotational), vortical (or shear), 



Fig. 20 Contour plots of fluctuating axial velocity with forced oscillations at 
/ = 1346 Hz. 
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Fig. 21 Amplitudes of fluctuating axial velocity at various axial locations at 
/ = 673 Hz: ( ) laminar flow; ( ) turbulent flow. 


and thermal (or entropy) waves. The thermal wave plays a very minor role in 
the present cold-flow simulation, but may become important in combustion cases. 
A comprehensive discussion of the acoustic and vortical wave motions in motor 
environments is given in a companion chapter. 46 Figures 21 and 22 present the 
vertical variations of the axial periodic velocity ( u a ) at various axial locations for 
/ = 673 and 1346 Hz, respectively. Both the laminar and the turbulent flow com- 
putations are presented for comparison. The velocity fluctuation in the core-flow 
region is governed by the isentropic traveling wave relationship with the acous- 
tic pressure. In the laminar-flow case, a velocity overshoot is observed near the 
porous wall because of the shear wave produced by the no-slip condition. 13,14 
This shear wave travels toward the centerline with the mean vertical velocity and 
is damped out by the viscous dissipation in the core-flow region. In the present 
study, the magnitude of the velocity overshoot near the porous wall is smaller than 
twice the centerline fluctuating velocity, as predicted by Flandro in his theoretical 
analysis. 13,14 The high chamber pressure (around 100 atm) considered in Ref. 13 
gives rise to a very low surface injection velocity, and hence a prominent acous- 
tic boundary layer is obtained. The strong blowing effect arising from the high 
injection velocity in the present work, however, extends the acoustic boundary 
layer and spreads the shear-wave motion through the bulk of the chamber. This 
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Fig. 22 Magnitude of fluctuating acoustic velocity at various axial locations at 
/ = 1346 Hz: ( ) laminar flow; ( ) turbulent flow. 

reduces the magnitude of the axial velocity overshoot near the porous wall. In 
the turbulent flow case, the shear wave is effectively damped by the enhanced 
momentum transfer and dissipation rates as soon as it is convected away from 
the surface. The periodic velocity fluctuation in the upstream region for / = 673 
Hz appears more suppressed than in the higher-frequency case. This can be at- 
tributed to the acoustic wave-induced turbulence and its ensuing increase in the 
eddy viscosity in that region. The analysis elucidates intricate interactions among 
the mean, acoustic, and turbulent flowfields in a rocket motor. 


VI. Conclusions 

A comprehensive analysis of the flow development in a simulated nozzleless 
rocket motor with acoustic excitations has been performed by means of an LES 
technique. The flowfield can be characterized with three distinct regimes: lam- 
inar, transitional, and fully developed turbulent flows. The effect of turbulence 
and fluid compressibility on the mean flow structure was examined in depth. 
The interactions among the mean, turbulent, and periodic oscillatory flowfields 
were studied by imposing traveling acoustic waves in the chamber at two dif- 
ferent frequencies. The acoustic oscillation provides additional mechanisms to 
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transfer energy from periodic motions to turbulence and, consequently, leads to 
enhanced turbulence intensity and stresses. The laminar-to-turbulence transition 
takes place at a much earlier stage under conditions with acoustic waves, espe- 
cially in the low-frequency range. The influence of turbulence on the periodic 
oscillatory flowfield arises mainly in the enhanced momentum and energy transfer 
in the turbulent region. As a result of the acoustic wave-induced eddy viscosity, 
the shear wave originating from the surface is effectively dissipated as it travels 
downstream, thereby producing a qualitative change in the oscillatory flowfield, 
as predicted by the laminar-flow theory. The present work represents a major 
step toward a complete understanding of the unsteady flow evolution in rocket 
motors. 


Appendix 

The quasi-one-dimensional acoustic field in the chamber is formulated by ap- 
plying the conservation laws to an infinitesimal control volume enclosing the flow 
passage at a given cross section. The basic assumptions are that 

1) the gases obey the perfect-gas law and have constant thermophysical proper- 
ties, 

2) the viscous forces and heat transfer within the gases are ignored, 

3) the cross-sectional area of the chamber is assumed constant, 

4) the mass inflow at the lateral surface is kept fixed (i.e., m" = constant), and 

5) injection of the fluid is isothermal. 

The one-dimensional continuity, momentum, and energy equations take the 
following form: 


where 


9 p d(pu)_ — 

a, ax " 

(Al) 

A d< ^ + A a< f> + A S f =0 
at ox ax 

(A2) 

d(pe) A d( pue) 3 {pu) — 

A 9, ^ dx +A 3x = h * m - 

(A3) 


v 2 

hos = C P T S + -S-, e — C V T + u 2 /l (A4) 


and A is the cross-sectional area. The gas is injected vertically at the porous surface 
and thus makes no contribution to the axial momentum balance. The preceding 
equations can be transformed into the nonconservative form to facilitate derivation 
of the wave equation. With some straightforward manipulations and the use of the 
equation of state, Eqs. (A2) and (A3) become 


, du du dp 

M ¥ +puA ^ +A ^ =-•*; 


(A5) 



, du dp 

+ ypA— + uA^~ 
dx dx 


R 

cl 



m" 


(A6) 
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Linearization of Eqs. (A5) and (A6) leads to 


3 u! dp' d(uu') , d m , — 

M ir + V = ~ pA — ~ p ~ “ 


(A7) 


3 p 3 u dp 

A— — I- ypA—— = uA—— 
dt dx dx 


dp du R 

uA~ ypA— + -— 

dx dt C v 


uu'm’u (A8) 


Note that the following constitutive relation was used in deriving the preceding 
equations: 


= (— \ 
\9p) 


(A9) 


entropy 


For time-harmonic motions, the spatial and temporal dependence of each unsteady 
flow variable can be decomposed as follows: 


P = P(x)e“ 


u' = u(x)e u 


(A10) 


Substitution of Eq. (A 10) into Eqs. (A7) and (A8) gives rise to a set of coupled 
ordinary differential equations for pressure and velocity fluctuations as 


pAu 

A ' 

d 

M ' 

ypA 

uA 

dx 

.P. 


dii 

l dJ 


-pA—-ml-pAiw — 


uA du 

c 2 dx 


— dp 
(y - l)um" - A-^ 


-yA—-Aiw 

dx 


u 

IP. 
(All) 


The boundary conditions of p = 1 and u = p/~pc at the head end (x = 0) are speci- 
fied to simulate traveling acoustic oscillations in the chamber. A simple integration 
algorithm based on the Euler implicit method is used to solve Eq. (All) subject 
to the above boundary conditions. 
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Nomenclature 

h = height of the channel 

i =V-1 

V in j = injection velocity 

x = streamwise coordinate 

y = vertical coordinate 

a = complex wave number 

v = kinematic viscosity 

10 = real circular frequency 


I. Introduction 

T HIS chapter analyzes an unanticipated mechanism leading to instability in 
large solid propellant boosters for space launchers, such as the Space Shut- 
tle solid rocket booster, the Titan solid rocket motor, and the Ariane 5 MPS 
P230. Indeed, all of these motors exhibit low-level pressure and thrust oscilla- 
tions at the frequencies of their first longitudinal acoustic modes, although they 
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are predicted to be stable by classical stability prediction codes based on acoustic 
balances. 

The current explanation for such instabilities relies on vortex shedding from 
propellant inhibitor rings that couples with the first axial acoustic modes of the 
chamber. The need to understand the mechanisms leading to this instability has 
motivated numerous studies, such as those performed in France in the framework of 
a research program supported by the Centre National d’ Etudes Spatiales Direction 
des Panccurs (CNES/DLA). 1-5 In the course of these studies, it was unexpectedly 
demonstrated from subscale firings that inhibitor rings were not a necessary condi- 
tion for the instability. 2,6 Compressible two-dimensional Navier-Stokes numerical 
simulations performed to analyze these situations 7 clearly demonstrated the exis- 
tence of a strong coupling between the flow’s natural instability and the acoustics 
of the chamber. To understand these new results and to validate the qualitative 
nature of the numerical simulations, a multifaceted approach has been developed. 
This approach involves experimental tests performed with a simple cold flow ap- 
paratus developed at ONERA, a linear stability analysis, 8 and computations based 
on two-dimensional compressible Navier-Stokes equations. 9 The experimental 
studies have brought to light the acoustic resonance and the natural instabilities 
of a two-dimensional planar flow generated by side injection. 10,11 Note that the 
first evidence of natural oscillations in a cold flow setup was given by Dunlap 
et al. with an axisymmetric geometry. 12 However, at the time of their study no 
information was available on hydrodynamic instability waves, and the link with 
acoustic instabilities was not considered. 

After a description of the experimental setup, the flow stability analysis will 
be delineated, and comparisons between detailed measurements of the unsteady 
velocity field and the results of a linear hydrodynamic stability calculation will be 
shown. Then, a numerical study of the flow instability based on the solution of the 
full two-dimensional unsteady Navier-Stokes equations will be described, and the 
results will be discussed in view of the preceding results. Finally, the dynamics 
of the acoustic resonance will be analyzed, both experimentally and numerically, 
through imposed variations of the injection velocity. 


II. Experimental Facility 

The experimental facility is shown in Fig. 1. It is a two-dimensional planar 
setup, called VECLA (Veine d’Etude de lu Couche Limite Acoustique), 8,10 that is 
fed with air from high-pressure storage. The internal arrangement of the facility 
can be seen in Fig. 2. The upper part of the setup is a rectangular channel into 
which air is injected through a porous plate that serves as its floor. This channel 
has a length of 603 mm and a width of 60 mm. The porous plate has a length of 
581 mm and a thickness of 5 mm and is made of poral, a material obtained by 
sintering together small spheres of bronze. As can be seen in Fig. 2, the channel 
has an open exit section that is connected to the ambient air either directly or 
by an additional choked nozzle. To vary the operating conditions, the height of 
the channel can be modified. Additional adjustments are possible by varying the 
nozzle height. The part of the setup located under the porous plate is divided into 
seven prechambers that are independently fed with air. The goal of the partitioning 
is to prevent coupling between the longitudinal acoustic modes of this part of the 
setup and the modes excited in the channel. The tubes linking the feed tube to 
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Fig. 1 Experimental setup. 


the prechambers are equipped with elementary sonic throats to provide acoustic 
isolation and to control the mass flow rate in each prechamber. 

Various tests were conducted in this experimental facility with and without 
the nozzle. 10 Without the nozzle, the excited acoustic modes of the cavity are of 
closed-open type, whereas they are of the closed-closed type when the nozzle is 
used. Test conditions were chosen to validate the results given by the linear theory, 
which shows a dual effect of the injection velocity and the channel height on flow 
stability. To attain this goal, the channel height was adjusted to 10 and 20 mm, and 
various injection velocities were used: 1.02, 1.36, 1.70, and 2.04 m/s. 

The injection velocities are fixed by the pressure in the feeding tube in the 
configuration without the nozzle, whereas they are fixed by the throat height of 
the nozzle in the configuration with the nozzle. In the latter configuration, tests are 
conducted with a prescribed pressure of 1 .5 bar at the channel head end, which 
ensures sonic conditions at the nozzle throat. 

Velocity measurements were performed with a single element hot wire probe 
located at different cross sections of the channel. The hot wire is introduced through 
the top wall of the channel, its wire being oriented in a direction parallel to the 
channel width. The probe support has a diameter of 3.2 mm, and the wire has a 
length of 3 mm and a diameter of 3.8 /z m. 

To get a description of the flow in the transverse direction. 10 measurement 
stations, 1 mm apart, have been selected at each longitudinal location. In the first 


Pc, 


Tp 


Hot wire 


Adjustable nozzle 


r*p r 


r s 




Air feed tube 


Fig. 2 VECLA setup. 
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position, the wire is put at a distance of 1 mm from the porous plate. Pressure is 
measured by means of piezoresistive pressure transducers working in an absolute 
mode mounted at different locations on the setup: at the end of the feeding tube, 
Pf, in the first prechamber, P p , and at the head end of the channel, P c (Fig. 2). The 
airflow temperature is maintained at 20°C during the tests by means of an air heater 
placed at the upstream part of the feeding tube. The temperature is controlled by 
a thermal probe in the first prechamber, T p . 

The voltages delivered by the pressure transducers and the hot wire probe are 
numerically recorded at a rate of 10,000 data points per second. For each hot wire 
position, the signals are recorded during 1 s, the pressure and velocity signals 
being filtered and amplified before they are digitized. They are later processed 
to determine their spectral content through power spectral density (PSD) plots. 
The pressure signals are bandpass filtered, between 50 and 3000 Hz, whereas the 
velocity signals are low-pass filtered with a cutoff frequency of 3000 Hz. 


III. Linear Stability Theory 

The linear theory has been fully described in Ref. 8 and is recalled here for 
completeness. It is applied to the Navier-Stokes equations written for a two- 
dimensional and incompressible flow, using the channel height h and the injection 
velocity Vi n j as parameters of nondimensionalization. The equations are linearized 
with respect to the amplitudes of the fluctuations and split into a steady part, for 
which the solution is given by Taylor, 13 and an unsteady part that governs the 
behavior of the fluctuations. 

The components of the steady velocity are given by 

0 = ( n/2)xcos(7Ty/2 ) V = — sin(;ry/2) with -1 < y < 0 (1) 

in which x and y are dimensionless coordinates evaluated from the head end wall 
(x = 0) and from the upper wall (y — 0). 

Fluctuations are expressed in normalized form as 

(.u,v,p) = [u(y),v(y),p(y)]e' ( ' ax ~‘ 0 ' ) with a = a (r> + ia 0> , co = 2nf (2) 

where / is the frequency, a (r) the wave number, and — a (0 the spatial 
growth rate of the fluctuation. This normal mode form is not obvious a priori 
due to the x dependence of the mean flow. In fact, this problem is related to the 
question of the nonparallel effects that has been studied for several years in the 
framework of boundary-layer stability. 

An exponential amplification factor that depends on the axial position and the 
frequency can be linked to the amplitude A of each wave by 

px(cu) 

n(x,co)= I ;t)dx A(x) = Aoe n with Ao = A(;co) (3) 

Jx o(oi) 

In the present study, xq is the position where the amplitude of the wave begins to 
grow and Ao a constant, independent of the frequency, that will be adjusted to get 
the best fit with the experimental results. 
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The system of equations governing the fluctuating quantities is written as fol- 
lows 8 : 


. A dn 

tau -| = 0 

dy 


. „ dU . . - -dn dU ^ . 1 /d 2 n ' 

icon + — u +iaUu + V — + — v + iap = —I— -crw 
ox dy dy Re \dy 2 , 


. . . T - r . r ,d v dV„ dp 1 /d 2 v 

-icov + iaUv + V— + — u+ — = — t -a 2 v) 
dy dy dy Re \dy z ) 


(4) 


in which Re = h V^/v is the Reynolds number based on the channel height and 
the injection velocity. 

Equation (4) is solved for the following boundary conditions: 

fi(-l) = 0(-l) = 0(0) = ^(0) = 0 (5) 

dy 

which express the intrinsic nature of the eigenresponse at the injection wall (y = -1) 
and the symmetry condition at the upper wall (y = 0). To describe correctly the 
experimental boundary conditions, a no-slip condition is used at the upper wall. 
Nevertheless, a symmetry condition is adopted because it will be assumed that the 
viscous boundary layer that is developed at the upper wall has no effect on the 
stability of the flow in the linear zone. 

The problem posed by Eqs. (4) and (5) is an eigenvalue problem: The zero 
solution is the only one unless the problem becomes singular. The condition is 
achieved when a certain relation linking the coefficients of Eq. (4) is satisfied. This 
relation, formally written as 

S(a, co, x, Re) = 0 (6) 

is a dispersion relation and shows that, in particular, the growth rate is a function 
of x and the frequency. 

The described eigenvalue problem has been solved with a fourth-order compact 
scheme that has been developed and validated in the framework of the stability 
of the laminar boundary layer. 14 Figure 3 shows the growth factor n in the plane 
( x/h , S2) obtained by computing the integral given in Eq. (3). The computations 
were performed for Re = 900, corresponding to the experimental conditions fixed 
by h = 10 mm and V m] =1.36 m/s. As seen in Fig. 3, the basic flow becomes unsta- 
ble at a certain critical distance from the head end close to 5h. The range of ampli- 
fied frequencies (for which n> 0) enlarges toward the higher frequencies as x in- 
creases. As the neutral stability curve has been found to have a small dependence on 
Re (cf. Ref. 8), the results shown in Fig. 3 can be used for other values of h and Vj nj . 


IV. Numerical Approach 

Numerical simulations of the flow inside the VECLA setup were performed 
with a two-dimensional code called SIERRA, 5 ' 915 using a finite volume explicit 
predictor-corrector Mac Cormack scheme with Jameson artificial viscosities. This 
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is a multidomain code that solves the unsteady compressible Navier-Stokes equa- 
tions in either an axisymmetric or planar configuration. 

The computations were directed toward two main objectives: the description 
of the development of natural instabilities inside the flow and the prediction of 
the acoustic levels resulting from an acoustic resonance. The first objective was 
pursued by computing the flow in the upstream part of the channel on a sufficiently 
fine grid to capture enough details of the transitional waves to be compared with 
the previous stability results. 8 The second objective has led to undertaking compu- 
tations over the complete geometry of the channel for variable injection conditions, 
so as to study the interaction between the flow instability and the acoustic field. 

Previous numerical simulations 9 have demonstrated the need to trigger the in- 
stability for the unstable waves to grow until resonant conditions are reached. 
This triggering is obtained by numerically perturbing the flow in part or all of the 
computational domain. In this study, two methods were used to perturb the flow. 
The first one, which was applied in the stability computation, consists of adding 
a noise to momentum quantities pU and pV in the entire domain and to refresh 
it periodically. The level of the noise, relative to the injection velocity, represents 
only few tenths of a percent, so that velocity fluctuations are always very small 
compared to the mean flow velocities. In the second method, which was applied 
in the resonance computation to be presented, the perturbation is obtained by in- 
terrupting the injected mass flow rate over a small distance of the wall centered at 
the middle of the chamber. 9 

To describe properly the experimental conditions, it is necessary to take into 
account in the computations the response (or acoustic admittance) of the porous 
wall. This has been done previously 9 by adjusting the injected mass flow rate as 
a function of the local pressure, in accordance with a simple unsteady model that 
couples the motions on the two sides of the porous plate. However, in the present 
work, and for the sake of simplicity, a zero poral response has been used. 

The instantaneous flowfield inside the experimental setup is shown in Fig. 4 
(from Ref. 9) through entropy maps that clearly exhibit the vortical structures 
emitted from the blowing surface. The computations to be presented were per- 
formed without the nozzle and for a channel height of 20 mm and V; n j = 1 .71 m/s. 
A reduced length of 200 mm was used for the stability computations, whereas 
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Fig. 4 Entropy maps for the VECLA setup for the full length (top) and the down- 
stream section (bottom), = 1.7 m/s and h = 20 mm. 


the full length was adopted for the resonance computations. The computations are 
started from rest at atmospheric pressure and continued by keeping the exit pres- 
sure at ambient value. Convergence toward a steady-state solution is achieved with 
high levels of artificial viscosity. The subsequent reduction of artificial viscosity 
values by an order of magnitude allows the development of the instabilities. 


V. Discussion of Results 

A. Flow Stability 

Figure 5 (from Ref. 8) presents a comparison of the results obtained by the linear 
theory with results deduced from the velocity measurements in the VECLA setup 
for Vj n j = 1.36 m/s and h = 10 mm at y = 1 mm. Amplitudes of the streamwise 
component of the fluctuating velocity are plotted vs frequency for three axial 
positions: x — 3 1 , x — 8 1 , and x = 1 20 mm. Because the position x = 3 1 mm is 
located upstream of the neutral curve, as shown in Fig. 3, only the two latter 



Fig. 5 Comparison between experimental and theoretical results of spatial amplifi- 
cation of fluctuating velocity (from Ref. 8); Vj nj = 1.36 m/s, h = 10 mm, without nozzle, 
and porosity = 18 pm. 
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positions are plotted for the theoretical analysis. A spatial amplification in the x 
direction of the velocity fluctuation amplitude is clear between 300 and 1200 Hz 
for both sets of results. In Ref. 10, comparisons were presented for other injection 
conditions and geometries that confirm the theory’s accuracy as a predictor. 

Results with a reduced porosity injection wall (8 /um) showed lower amplitude 
(50 times less) for hydrodynamic instability waves. This could result from different 
injected turbulence and/or wall admittance. 

Stability computations using the SIERRA code were performed on a grid of 
27,258 points (413 x 66) having variable spacing in the longitudinal and the trans- 
verse directions. The points are more concentrated near the porous wall and in the 
unstable zone. Two points in this zone are spaced at about 1/100 of the critical 
wavelength to ensure correct descriptions of the unstable waves. 

The computations were done in two steps, corresponding to the convergence 
toward a steady state and to the description of the instability. The steady state 
was reached after 900,000 time steps, and for the description of the instability, 
850,000 additional time steps were performed (dr = 0.34 /rs). During the second 
run, the velocity signals were recorded every 100 iterations for five cells (located 
at x/h =4.05, 4.70, 6.55, 7.80, and 9.05) of the computational grid at a distance 
of 1 mm from the porous wall. These signals are analyzed by computing the power 
spectral density on temporal windows of 8 1 92 points taken at the end of the second 
step (cf. Fig. 6). 


x/h =4.05 


x/h=6.55 




Frequency (Hz) 


Frequency (Hz) 


x/h=7.80 x/h=9.05 




Fig. 6 Comparison between numerical and theoretical results of velocity amplitude 
levels. 
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x/h 

Fig. 7 Group velocity vs x/h according to the linear theory for V in j = 1.71 m/s and 
h = 20 mm. 


A Gaussian noise of amplitude 0.4% of Vj n j was applied every 50,000 iterations. 
This number of iterations corresponds to the time needed for the hydrodynamic 
instability waves to be evacuated outside the cavity, which can be determined from 
the group velocity given by the linear theory (cf. Fig. 7). 

Numerical and theoretical velocity amplitude levels are plotted vs the frequency 
for four nondimensionalized longitudinal positions in Fig. 6. It follows from this 
comparison that the numerical computation predicts fairly well the amplified fre- 
quency range and the spatial amplification. This good prediction of the spatial 
amplification can be seen in Fig. 8, which compares the theoretical and numer- 
ical factors n vs the longitudinal coordinate for the most amplified frequency 
(/ = 300 Hz). 

Fourier coefficients of the unsteady velocity components were computed on 
the entire domain for a frequency of 350 Hz (£2 = 25.72) over a time interval 
corresponding to two periods of oscillations. In Fig. 9, theoretical and numerical 
eigenfunctions, deduced from the Fourier analysis at x/h = 9.05, are compared 
after normalization by the longitudinal velocity amplitude at y / h = 0. Good agree- 
ment is obtained between the two approaches, except for the levels, which are 
found to be slightly different. The first maximum of the longitudinal velocity 
is found at the same transverse location although the positions of the other ex- 
trema do not coincide so well. This could be due to a residual presence of 



x/h 


Fig. 8 Numerical and theoretical n factors for a frequency of 300 Hz. 
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Fig. 9 Theoretical and numerical eigenfunctions for xlh = 9.05 and / = 350 Hz. 


acoustic oscillations in the Navier-Stokes solution. In Fig. 10, where the theoretical 
and numerical phase angles are compared, the two solutions show very similar 
behavior. 

At this point, the agreement between theoretical and numerical solutions is 
judged to be very satisfactory. Note that a long temporal exploration is required to 
get good accuracy in the spectral analysis (in the present case 289 ms was found to 
be necessary). To conclude, these first results confirm the ability of the numerical 
method to predict unstable motion inside the flow. Full Navier-Stokes simulations 
could then be used for a detailed description and to understand conditions leading 
to acoustic resonance. 


B. Acoustic Resonance 

Experiments conducted on the VECLA setup have given clear evidence of the 
influence of the stability of the flow on the acoustic resonance phenomenon. The 



Fig. 10 Theoretical and numerical phases for xlh = 9.05 and / = 350 Hz. 
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flow instability leads to the growth of the amplitudes of waves, whose frequencies 
are inside a range determined by the channel height and the injection velocity. If 
one acoustic frequency of the cavity lies inside this range, and if its amplification 
is sufficient, it will grow up to a critical level, above which a resonance will be 
observed. 10 These conditions seem to be necessary but not sufficient to reach a 
resonance, as shown from the experimental results. The selection of the acoustic 
frequency seems also to be conditioned by the position of the acoustic velocity 
antinodes relative to the amplification zones. In the experiments, it has been found 
that the resonance is obtained when the acoustic mode has its velocity antinode at 
a location corresponding to a sufficiently high value of the growth factor (n = 2.5 
for a frequency of 426 Hz; see Refs. 10 and 1 1). 

To confirm the role played by the injection velocity on the resonance phe- 
nomenon, a test was performed with the VECLA setup by slowly varying the 
injected mass flow rate at the porous wall. Because this variation is operated for 
constant conditions of pressure in the channel, it is equivalent to varying the in- 
jection velocity at the wall. Special acquisition methods were adopted for this test 
to allow for an appropriate analysis of the signals. Thus, the pressure signal was 
bandpass filtered between 50 and 1000 Hz, and the velocity signal was low-pass 
filtered under 1000 Hz. Acquisition has been performed over 7.5 s with a sampling 
frequency of 2000 Hz. PSD was computed on 29 temporal windows of 512 points 
decomposed into 7 segments of 1 28 points. These values correspond to a frequency 
resolution of 3.91 Hz and a blowing velocity resolution of 0.031 m/s. 

Figure 1 1 shows the contour lines of the head end pressure PSD in the plane (/, 
Several lines of maximum amplitude appear on this graph in regions con- 
taining the first two longitudinal mode frequencies. These lines are vertical in the 
low-frequency zone and oblique in the higher frequency zone with constant slopes 
indicating constant Strouhal numbers. This line shows that / increases with Vj„j 
until a jump in frequency is observed. This waterfall in the sequence of dominant 
frequencies has been seen with other aeroacoustic phenomena and is explained by 
the presence of an integer number of vortices along the distance separating the point 
of emission of the vortices from the plane where an acoustic reaction is created. 

The test just described was numerically simulated by computing the flow in 
the entire channel on a mesh having 20,000 cells that were equally distributed 
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Fig. 11 Isobaric plot of experimental head end pressure amplitudes. 
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Fig. 12 Isobaric plot of numerical head end pressure amplitudes. 

in the longitudinal direction and spatially contracted in the transverse direction at 
the proximity of the porous wall. A linear variation of the mass flow rate was intro- 
duced at the injecting wall during the computation to reproduce the experimental 
conditions. The pressure was periodically recorded during the computation in a cell 
located near the head end wall. Figure 12 shows the results given by the spectral 
analysis of this head end pressure. Despite a limitation in the frequency resolution 
(9.26 Hz) and in the blowing velocity resolution (0.105 m/s) for the numerical 
solution, a good comparison is visible. In particular, a frequency shift similar to 
that obtained in the experiment is observed from these results. As no acoustic re- 
sponse from the wall has been simulated in this computation, the numerical levels 
are about 10 times greater than the experimental ones. 9 

These results demonstrate the ability of the numerical simulations to repro- 
duce complex aeroacoustic phenomena, such as frequency variation and frequency 
jumps. 


VI. Conclusions 

Stability of flows with side injection has been investigated to analyze the mech- 
anisms giving rise to the appearance of parietal vortex shedding and acoustic 
resonance. Several methods of investigation were used. Among these are tests 
conducted with a cold flow setup and stability computations of the experimentally 
studied flow configurations. These computations were performed using two dif- 
ferent approaches: a theoretical approach established from a linear analysis of the 
stability and a numerical approach using a two-dimensional computer code. These 
approaches produced coherent results that were found to be in good agreement 
with the measurements. 

The stability of flows generated by side injection in closed channels has been 
found to depend primarily on two parameters: the injection velocity and the trans- 
verse dimension of the channel (height for a two-dimensional channel and radius 
for a cylinder). The theoretical analysis predicts an amplification of the unstable 
frequencies from an initial point, before which they are stable. A well-delimited 
range of frequencies is amplified at a given longitudinal location of the channel as 
a function of the parameters discussed earlier. 
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Various experimental conditions were examined during the experimental study, 
especially to check the validity of the theoretical results. Clear resonant conditions 
were reached on the experimental setup. Frequency shifts and jumps were observed 
as the injection velocity was varied. These are the signatures of aerodynamically 
generated resonance. These conditions were also satisfactorily reproduced by the 
full two-dimensional Navier-Stokes computations. 

This chapter presents different and complementary approaches to the study of 
hydrodynamic instability and illustrates the main properties of the acoustic res- 
onance. This phenomenon, observed in recent experimental 10 and numerical 7,9 
works, is thought to be a powerful mechanism for instabilities that are of par- 
ticular concern for large motors. Indeed, recent works (e.g., Ref. 6) have shown 
that inhibitor rings can be significantly bent by aerodynamic forces. This renders 
possible the appearance of a strong parietal vortex-shedding in the Ariane 5 MPS 
P230 and perhaps also in the U.S. Titan solid rocket motor unit. 16 Consequently, 
it is believed that the experimental and numerical tools presented will make pos- 
sible understanding more completely the acoustic resonance phenomenon in such 
conditions. 
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Nomenclature 

= pressure coupling admittance function 
= velocity coupling admittance function 
= mean speed of sound 
= unit vectors in r, 8, and z directions 
= normalization constant for mode m 

- wave number for axial mode m 
= chamber length 

= mode number 

= mach number at burning surface 
= outward pointing unit normal vector 
= pressure 

= mean chamber pressure 
= radial position 
= chamber radius 
= Strouhal number, k m /M b 

- time 

= unit vector tangent to burning surface 
= oscillatory velocity vector amplitude 
= mean flow velocity components 
= mean radial velocity at wall 
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u,w = unsteady flow velocity components 
y = radial position, 1 - r 

z = axial position 

a = growth rate, dimensional, sec -1 

y = ratio of specific heats 

i = inverse of Strouhal number, Mb/ k m 

v = kinematic viscosity, p/p 

p = density 

\Js = complex exponential argument 

a)' = amplitude of vorticity fluctuation 

Q = mean vorticity amplitude 

Q b = vorticity amplitude at burning surface 

Subscripts 

b 
m 
0 
1 
t 
n 

Superscripts 

* = dimensional quantity 

( 1 ) = first order in wave amplitude 

' = amplitude of time-dependent 


= combustion zone 
= mode 

= zeroth order in Mb 
= first order in Mb 
= tangential part 
= normal part 


I. Introduction 

R ECENT work by several investigators using both analytical and numerical 
methods has clarified some of the details of the rotational flow effects of im- 
portance in rocket combustion instability. Although analytical studies have hereto- 
fore been limited to laminar treatment of the unsteady viscous flowfield, they have 
yielded useful information needed in accurate motor stability assessment. In par- 
ticular, they have revealed the origin of the flow turning loss mechanism and other 
potentially important additions to the system energy gain/loss balance. Numerical 
solution of similar unsteady flows has verified these analytical solutions in lami- 
nar regions of the chamber but indicates that the transition to turbulence markedly 
influences the results. The purpose of this research is to use information from 
the numerical calculations in extending the analytical results into the turbulent 
regime. There are several motives for doing this. Apart from the obvious benefit 
of enhanced physical understanding inherent in analytical models for complicated 
flowfields such as those in an unstable rocket chamber, there remain many practical 
questions related to the precise manner in which turbulent flow processes affect 
the stability computations. 

An approximate method for including the turbulence effects is described. The 
field is decomposed into two elements. The first is a realistic numerical model of 
the mean flow that includes the corrections to the transport properties resulting 
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from transition and growth of random turbulent eddies. The second is a detailed 
analytical model of organized unsteady motion consisting of the acoustic field 
and associated rotational waves created by production of vorticity at the cham- 
ber inflow boundaries. Information on the mean flow with turbulence is obtained 
from a detailed computational model by Yang and his coworkers . 1 This provides 
spatial distributions of the turbulence-modified flowfield and associated transport 
properties. These are then employed in the analytical flowfield expressions to pro- 
duce the corrected unsteady field. This procedure is approximate in that the direct 
interaction between the organized and turbulent fluctuations is neglected. It is be- 
lieved that in most cases these are not strong interactions, and so the main effect 
of turbulence on the organized oscillations comes from the changes in transport 
properties and the mean flow velocity distribution. 

Results compare favorably to the complete unsteady simulations. In particular, 
as the nozzle end of the chamber is approached, the turbulence effects grow rapidly 
in importance. The organized vortical waves are more rapidly damped, mainly be- 
cause of the increase in the effective coefficient of viscosity (eddy viscosity), and 
the motion can then truly be described as an acoustic boundary layer; the organized 
rotational effects are confined to a thin region near the burning surface. The un- 
steady vorticity distribution outside this boundary layer does not then contain com- 
ponents directly related to the irrotational acoustic field. Despite this major depar- 
ture for the laminar description of the unsteady rotational flow, there is little change 
in the basic effects of vorticity production on the system stability characteristics. 
That is, important contributions to the system energy gain/loss balance, such as the 
flow-turning loss, are not strongly affected by turbulence. Direct interactions of the 
turbulent field with the combustion processes near the propellant are not considered 
in the present effort, but will be incorporated in developing flame zone models. 


II. Analysis 

An irrotational (acoustic) unsteady flow is not a sufficiently complete model of 
the unsteady combustion chamber gas motion. Such a model allows slip flow at 
the propellant surfaces. Acoustic boundary layer theory, which has been applied 
to this problem frequently in the past, may not be appropriate since the strong 
convective field transports vorticity throughout the combustion chamber. Such 
motion may be laminar near the forward end of the chamber but will naturally 
transition to fully turbulent motion downstream. It is necessary to determine the 
effect of this turbulence on the organized wave motion so that a realistic assessment 
of combustion instability can be carried out. In particular it is required to determine 
the effects of modifications to the transport properties and mean flow geometry 
introduced by transition to a fully turbulent flow. 

It is not clear at the outset what role, if any, is played by viscosity, since the radial 
convection tends to discourage formation of highly sheared regions of flow. It is 
also important to realize that the creation of vorticity does not require the presence 
of viscous stresses. Crocco’s theorem 2 clarifies the origin of both the steady and 
unsteady vorticity in the gas particles entering the chamber from the burning zone. 

The analysis is carried out in two parts. In the first, a realistic model of the effects 
of turbulence on the mean flowfield in the rocket chamber is described; numerical 
results based on this model give the turbulent transport properties needed in as- 
sessing the analytical model of the unsteady motion carried out in the second part. 
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A. Mean Flowfield with Turbulence 

The formulation of the mean flowfield is based on the conservation equations of 
mass, momentum and energy. Full account is taken of variations of thermophys- 
ical properties. In vector notation, the governing equations in two-dimensional 
Cartesian coordinates can be written in the following conservative form: 

d A + jL {E -E v )+-?-(F-Fv) = S (1) 

3 t dx dy 

Definitions of the variable vector Q, the convective flux vectors E and F, the 
diffusive flux vectors Ey and Fy, and the source vector S, can be found in Ref. 1 . 

The k — s model is used to achieve turbulence closure. To account for the wall- 
damping effect on turbulence, a two-layer turbulence model suggested by Rodi 3 is 
employed. In this approach, the standard k — s model is applied to regions away 
from the wall, and a one-equation model is implemented close to the wall. De- 
scription of the standard k — s model can be found in Ref. 4. In the inner layer, the 
e-equation previously described fails, because viscous effect is dominant. Only 
the -equation is employed in this region. To achieve turbulence closure, turbu- 
lence length scale is empirically introduced to evaluate turbulence dissipation rate 
and eddy viscosity. Unlike the treatment of high Reynolds number flows, Rodi 3 
proposed two different turbulence length scales, namely, turbulence dissipation 
length scale l e for quantifying turbulence dissipation rate, and turbulence vis- 
cosity length scale / M for evaluating eddy viscosity. These two length scales are 
simulated in a manner similar to the van Driest damping function used in the 
mixing-length model: 

r / Re y 25 \1 

l, = c ,y\l-cx v (- — -jj 

l E =ciy 1-exp^--^^ 

where Re y = k l/2 y/v is the local Reynolds number, and the constants and A e 
are 70 and 5.08, respectively. In conformity with the logarithmic law, the constant 
ci is set to be kc^ 3/4 with k being the von Karman constant. 

Two modifications are carried out to account for the effects of wall transpiration 
and flow unsteadiness. As several experimental researchers observed, 5- ' turbu- 
lence intensity and velocity fluctuation increase with increasing mass injection 
rate near the wall, as well does the Reynolds shear stress. Surface mass injection 
tends to reduce the wall damping effect, and the turbulence length scale is less 
damped by the wall with the increasing injection rate. In the present work, the 
model modification is based on Kay’s experimental work, 7 which follows directly 
the concepts developed for the mixing length model. Kay argued that the mixing 
length is effectively equal to the turbulence length scale. Following the form of the 
van Driest damping function, A + in Eq. (2) is modified by considering the wall 
injection and pressure gradient effects: 


(2) 

( 3 ) 
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where Ag is the value of A + under conditions without wall transpiration and 
pressure gradient, and V+ = Vb/u r . The influence of pressure gradient is taken 
into account by introducing 


P + = -A'5(C / /2)5 


where 


K = v/UlidU^/dx) 

This approach was first implemented in Tseng’s work with great success. 8 

A variety of experiments have been performed to study turbulence intensity 
in unsteady flows. Cousteix et al. 9 reached the following conclusion in the study 
of turbulent boundary layers with external oscillations. Although the measured 
turbulence intensity and Reynolds shear stress in various parts may change, the 
ratio of the shear stress to its component turbulence intensities remains constant at 
a value equivalent to that of steady flow. Thus, under certain circumstances, such as 
the oscillation frequency not being too high, a steady flow turbulence model may 
be used to predict unsteady turbulence behavior. However, it is highly possible that 
substantial changes in turbulence intensity may occur. As the oscillation frequency 
increases, a critical value (unfortunately, this value is not available at the present 
time because of limited experimental and theoretical studies) can be reached above, 
where significant interactions between oscillatory motions and turbulence structure 
may occur. Experimental studies by Mizushina 10 and Ramaprian and Tu 1112 have 
proven this phenomenon. 

Another noticeable feature is related to the turbulence modeling for unsteady 
flows. When an external oscillating velocity is imposed on a viscous flow, the flow 
near the wall responds quite readily to this unsteadiness. In many of the exper- 
iments that have been performed, the unsteady viscous reaction to the imposed 
flow variation is almost confined to the Stokes layer near the wall; the outer re- 
gion of the boundary layer behaves not as alert as the inner layer. This is very 
important to researchers whose focus is on the characteristics near the wall. Model 
modifications, especially near the wall, become necessary. In their study of the 
performance of low-Reynolds-number turbulence models for unsteady boundary 
layers without wall transpiration, Fan and Lakshminarayana 13 pointed out that an 
instantaneous logarithmic law does not generally exist in the near-wall region, and 
two treatments may be considered because of the rapid change in the phases of the 
flow quantities: 1) The local turbulence characteristic velocity, or local Reynolds 
number, instead of inner variable y + should be used in the formulation of near- 
wall and low-Reynolds-number functions and 2) a more stringent requirement on 
near-wall and low-Reynolds-number functions for the asymptotic behavior of tur- 
bulence quantities is necessary. Although only the turbulence length scales need to 
be modified, these ideas may be useful in the present two-layer model, such as the 
use of the local turbulent Reynolds number as a correlation parameter to evaluate 
the turbulent length scale embodied in Eqs. (2) and (3). 

Kovalnogov 14 studied experimentally heat transfer and friction in unsteady tur- 
bulent flows with a longitudinal pressure gradient in a chamber. The velocity tran- 
sient and longitudinal pressure gradient exert an indirect effect by changing the 
coefficients of turbulent momentum transfer in the flow. This effect can be taken 
into account by modifying the turbulence length scale, where Zo is the turbulence 
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length scale in a steady flow: 


/ 

To 


1 + Ci 


fore 
3 1 


+ «c 


3«re 
> 3* 


M 0 oo(^ 


3y/y=:0 J 


( 5 ) 


The subscript oo refers to the freestream condition and the subscript Ooo to the 
chamber inlet condition. A numerical value of 21.4 was found for C\ in Kovalno- 
gov’s experimental work. In the present study, there is no inlet velocity since the 
head end of the chamber is closed. Thus, mooo is chosen as the average velocity of 
local section area: 


MOoo 




u dA 


(6) 


B. Formulation of Unsteady Viscous Flow Model 

Much of the literature describing the evolution of oscillatory flow in a rocket 
chamber is based on the assumption that acoustic waves represent the principal 
unsteady motion. That is, the time-dependent field is taken to be irrotational. To 
incorporate turbulence effects it is necessary to incorporate fully the rotational flow 
effects, including all viscous terms in the unsteady formulation. A method based 
on that described in Ref. 2 will be used here. However, modifications must be made 
to explicitly include both the effects of the eddy viscosity and the spatial variability 
of the viscosity and other mean transport properties. As already described, it is 
anticipated that a main effect of turbulence will be the modification of the transport 
properties and thus likely there will be large variations in local values. 

The standard assumptions and nomenclature used in combustion stability mod- 
eling are employed here for convenience in interpreting the results. Velocities are 
made dimensionless with respect to the chamber sound speed an to emphasize the 
central role of compressibility in the oscillating field. Lengths are referenced to the 
chamber radius R\ the acoustic wavelength expressions then contain the chamber 
length-to-radius ratio, since longitudinal oscillations will be of primary concern. 
Time is made dimensionless by dividing by the characteristic time represented by 
the ratio R/ao. Pressure is normalized by y Pq, and other thermodynamic variables 
are nondimensionalized with respect to their respective chamber stagnation prop- 
erties. U is the mean flow velocity vector. Either a laminar or turbulent form for the 
mean flow must be accommodated depending on the location within the chamber. 

The momentum balance for the first-order unsteady viscous flow is 


a« (1) 

dt 


+ Wp w = -M b 


-17) -m (I) x V x V 
-I/XVX H (1) 


+ 


' -V x V x S 2 k (1 > + V(« (1) • VS 2 ) " 
+ |V(S 2 V -m (1) ) — h ( 1) V 2 S 2 
+ VS 2 x V x m (1 > - VS 2 V • u m _ 


(7) 


where superscript (1) indicates that terms of first-order in wave amplitude are re- 
tained. The first group of terms on the right represents the convective interactions 
between the mean flow and the oscillatory field. These will be handled as perturba- 
tions on the organized fluctuations as they are proportional to the mean flow Mach 
number at the burning surface Mb, which is used as a second small parameter in 
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the mathematical strategy. Viscous effects, the second set of terms on the right 
of Eq. (7), are represented in dimensionless form in terms of the inverse of the 
Reynolds number <5 2 , based on the chamber size and the sound speed 


S - S(r) = 



(B) 


which must be treated as a function of position since the kinematic viscosity coeffi- 
cient v, consists of contributions from both molecular and turbulent diffusion. The 
turbulent component varies strongly with position. Values for v and its derivatives 
must be obtained from the numerical turbulent mean flow calculations. 

Conservation of mass requires that 


bpW 

dt 


+ V • u (l) = —MbU ■ Vp (1) 


(9) 


Assuming sinusoidal oscillations, p (l) = p' e\p(—ik m t) and « (1) = u' exp (—ik m t) 
where primes denote the complex amplitudes, the equation for the unsteady vor- 
ticity amplitude, u/ = V x u\ is found by taking the curl of Eq. (7) with the result 


ik m uj' — -M b V x[u' xQ + U x u/] — V x 


-V x V x SV - h'V 2 <$ 2 ‘ 

+ vs 2 xw'-v« 2 v-«' 


( 10 ) 


In the present application to a cylindrical geometry with burning at the sidewall 
and an axial acoustic wave, the vorticity vector has only an azimuthal component. 

The boundary condition that must be satisfied by the vorticity at the burning 
surface is found by evaluating the axial component of Eq. (7) at r = 1 and solving 
for terms involving the vorticity amplitude. One finds that 


(o' + 


M h 


<W 

lr 


+ 





(ID 


at the burning surface. The no-slip condition has been applied. Several terms in the 
axial momentum balance are not shown because they are several orders of mag- 
nitude smaller than the term representing the effect of the axial pressure gradient. 
This indicates that the vorticity production at the surface is primarily caused by 
the axial unsteady pressure gradient across the incoming mean flow streamlines. 
When turbulence from the main flow stream penetrates to the vicinity of the sur- 
face, it is likely that viscous stresses are enhanced because of the modified transport 
properties. Then the second group of terms on the left of Eq. (11) will play an im- 
portant role in setting the boundary condition for the organized unsteady vorticity. 
It is necessary to carefully retain them in the problem solution. At the surface, the 
scaling parameter 8 2 /M b is the inverse of the injection Reynolds number. 


D _M b _ V b R 
■' <5 2 v 

It may be either very small in the laminar case and significantly larger if fully 
turbulent fluctuations are present near the injection surface. 

It is useful to distinguish between rotational and irrotational parts of the veloc- 
ity field. The latter part will represent the acoustic motions that are not strongly 
affected in a direct manner by viscous effects. The superimposed rotational part is 
associated with vorticity production at the boundary and accounts for the viscous 
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interactions as well as the direct connection to the turbulent fluctuations. Thus, 
to represent the unsteady velocity as a combination of irrotational and rotational 
parts, put 

u' — u + u (12) 

where the circumflex ( u ) indicates the acoustic (irrotational) part whereas the tilde 
(«) identifies the rotational component. 

For a three-dimensional cylindrical chamber, the axial acoustic motion repre- 
senting longitudinal gas oscillations is the simple plane wave solution 

| p' = cos (k m z) (13) 

\u = we z — i sin (k m z)e z 

This solution will be used to enable simple assessment of the new turbulence cor- 
rections by direct comparison to previous analyses that use this base representation 
for the chamber oscillations. 


C. Unsteady Vorticity 

To determine the correct form for the rotational unsteady velocity u, it is first 
necessary to solve for the unsteady vorticity from Eq. (10) subject to the boundary 
condition of Eq. (11), which, as has already been noted, is the equivalent of the 
no-slip condition. Once u >' is known, the momentum and continuity balances, 
Eqs. (7) and (9), can be solved for the rotational velocity vector. For the assumed 
cylindrical geometry, Eq. (10) is 



Though linear, this equation is difficult to solve primarily because of the variable 
coefficients representing the steady velocity components and vorticity Q. The latter 
can be represented in the laminar part of the chamber by the Culick mean flow 
model as 


U r = -sin(|nr 2 )/r 
U z = nzcos(\nr 2 ) 
Q = n 2 zr sin(|7rr 2 ) 


(15) 

(16) 
(17) 


In regions with turbulence, the axial velocity profile deepens as in a typical pipe 
flow, although in the rocket motor flow the profile changes are the result of com- 
pressibility corrections. Because the unsteady rotational effects damp rapidly when 
turbulence is present, no attempt is made here to correct for the changes in the mean 
flow profile. 
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The complete solution to Eq. (14) is most readily constructed by recognizing that 
there are two types of oscillatory behavior involved. The first type is related to the 
acoustic interaction terms on the right-hand side. These vary slowly with position 
like the product of the mean vorticity with the acoustic pressure or velocity. The 
second type of vortical motion involves rapid variations in the radial direction 
resulting from the production of vorticity waves by the shearing action at lateral 
boundary of the chamber. Hence, it is useful to separate the two types of behavior 
by writing 


w' = & + to 


(18) 


where the notation is consistent with that introduced earlier. This allows Eq. (14) 
to be separated into two independent parts: 


ik m cb - M b 

deb U z dto 
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(20) 


Terms involving the radial velocity fluctuation in Eq. (14) have been dropped 
since they introduce terms of only second-order in Mb ■ The rotational part, Eq. (20), 
has been written in wave equation form by dividing through by the radial steady 
velocity at the surface, MbU r . 

The solution of Eq. ( 1 9) is straightforward. For a cylindrical chamber the result 
is 


to = ~7r 2 r sm(\nr 2 )[k m z cos (k m z) + sin(k m z)] (21) 

for the small part of the vorticity, due to interaction of the mean flow with the 
irrotational unsteady field. 

Solution of Eq. (20) for the rotational part is more involved. It is useful to 
note first that Eq. (20) is a perturbed first-order wave equation. 2 This suggests 
application of the ansatz 

to = $ exp [if{r)] sin [k m z sin(|7rr 2 )] (22) 

w = W exp[i T/r(r)j sin[k m z sin(^zrr 2 )] (23) 

where f (r) and W(r) are functions of radial position to be determined. The si- 
nusoidal factor containing the axial position dependence is based on the x(r, z) 
factor of Ref. 2, which was expressed in series form as 


X(r, z) = (k m z)^2 


(-1 y 


U + 1)1 


(k m z) 2j sm 2j (^nr 2 ) 


(24) 



846 


G, A. FLANDRO ET AL. 


This series can be expressed in closed form 15 ' 16 as 

X(r, z) = [sin(ijrr 2 )] _1 sin [k m z sin (|jrr 2 )] (25) 

showing the origin of the factor used in the trial solutions of Eqs. (22) and (23). 
The exponential argument 

if(r) = ^ tan(i;rr 2 ) (26) 

is also based on the findings of Ref. 2. 

Inserting Eqs. (22) and (23) into Eq. (20), and simplifying, yields a first-order 
differential equation for £(r), 


H . # _ £ _ . k m S 2 

dr ig dr r ' M h Ur M b U r 



dQW n 
+ dzVr ~ 


(27) 


where only the numerically significant terms have been retained. For example, the 
only part of the viscous force that affects the solution is that part arising from the 
second derivative of £ with respect to r in Eq. (20). When this second derivative 
is evaluated, it happens that only the part involving the square of the derivative of 
tJs gives rise to a significant influence on the solution. That is 


_ k m 
dr ~ M b U r 


(28) 


is inversely proportional to the (small) mean flow Mach number. Hence the square 
of this term dominates the viscous force, as indicated in Eq. (27). 

The axial momentum equation [z component of Eq. (7)] can be used to express 
function W(r) [which is required to complete the solution of Eq. (27)], in terms 
of the vorticity. One finds 


ik m w - M b 


-(U z w') - U r C0' 
dz 


+ «5 2 -|-(ra/) 
r dr 


(29) 


where the radial velocity terms have been omitted as before since they would 
introduce corrections of second-order in the mean Mach number. Using Eqs. (22) 
and (23), the axial vortical velocity function is 


W = i 



JL) 

M b U r ) 


? 


(30) 


to good approximation. Substituting this result yields the first-order differential 
equation for the vorticity function 


d£ 

dr 


+ 





(31) 


where the first term in the brackets is the damping effect resulting from viscosity. 
The solution is controlled by two dimensionless parameters, the Strouhal number 



( 32 ) 
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Table 1 Physical parameters for typical motor systems (laminar conditions) 



L, m 

R , m 

Mb 

& 

k m , 

first mode 

s, 

first mode 

k, 

first mode 

Small research motor 
(Yang and Culick 17 ) 

0.60 

0.025 

1.7- 3 

5.49 -4 

1.33-' 

76.87 

1.0309 

Tactical rocket 
(typical geometry) 

2.03 

0.102 

3 . 1- 3 

2.74 -4 

1.58- 1 

50.84 

0.0624 

Cold flow experiment 
(Shaeffer and Brown 18 ) 

1.73 

0.051 

3.3~ 3 

6.07- 4 

9.24 -2 

28.30 

0.0909 

Space Shuttle SRM 

35.10 

0.70 

2.3 -3 

1.04- 4 

6.27 -2 

27.24 

0.0035 


and the viscosity parameter 

k 2 C 2 C 2 

m = T^ 2 (r) = — S 2 (r) = — (33) 

Ml M b Ri 

which is a combination of the acoustic Reynolds number, Strouhal number, and 

mean flow Mach number. Table 1 shows values of these key parameters for typ- 
ical rocket motor configurations when the flow is laminar. Values for the viscous 
parameter shown in the table are the laminar values applicable in the near vicinity 
of the burning surface. These correspond to high values of the Reynolds number 
(typically Ri > 5000). 

As distance from the surface increases and the flow becomes increasingly tur- 
bulent, this reference Reynolds number becomes smaller, indicating that viscous 
damping of the vortical waves becomes more important than in the laminar case. 
Equation (31) is readily solved by simple quadrature. One finds 

K = rC exp (4>) (34) 

where the complex coefficient C must be found from the boundary condition 
expressed Eq. (11). The complex argument <p{r) arises in the integration of the 
right side of Eq. (31). Part of the integration cannot be carried out in finite form, 
since it involves the integral 

I(r)= f ~ dx (35) 

J sin(x) 

which can be represented by the infinite series 


00 

/(r) = x + £(- 1)* +1 


2 ( 2 : 


2k— l 


1 ) 


k= 1 

„3 


(1 + 2k)(2k)\ 


BlkX 


1+2 k 


127 x 5 


x" lx 5 3 lx 7 

= * + 18 + 1800 + 105840 + 5443200 


+ 


(36) 


Where 

x — ^7 xr 2 

Functions B^k are the Bernoulli numbers (B% — 1/6, B . 4 = —1/30, etc.). 


( 37 ) 






848 


G. A. FLANDRO ET AL. 


The remainder of the integration is straightforward, and one finds for the real 
and imaginary parts of <p 


, r J_ I", _ nr2 cos(^r 2 ) _ 1 

n 2 2sin 2 (^rr r 2 ) sin(|7rr 2 ) 

+ ( 1 -^)[/ ( r ) -/ (1)] 

4 > {i) = ^ cosQjt r 2 ) 


(38) 

(39) 


Because this represents the effects of viscous damping of the vorticity wave, it 
shows that the frictional effect grows rapidly larger as the chamber axis of symme- 
try is approached. This is both because the vorticity wavelength becomes shorter 
(spatial frequency becomes higher) and the effective viscosity (eddy viscosity) 
rapidly increases if turbulence is present. The local axial velocity gradient becomes 
steeper as r becomes smaller, and the viscous forces become correspondingly more 
important. 

Finally, the vorticity can be written as 

cb = Cr exp(0 + ity) sin[& m z sin(i7rr 2 )] (40) 

where the complex constant of integration must be 

W + O + .St] , 4n 

[<S= + f) ! + [Sf) ! l 

Figure 1 shows vorticity vs radial position for a typical tactical rocket motor 
configuration when no turbulence is accounted for. Notice that while the acoustic 
mode amplitude is symmetrical fore and aft, the vorticity is not. This reflects the 
influence of the increasing mean velocity and vorticity in the z direction. 

Since vorticity transport is also a major feature of the turbulent field, it will be 
of considerable interest to determine what the relationship between the organized 



Fig. 1 Laminar vorticity distribution, u/ vs y. 




TURBULENT TRANSPORT IN UNSTEADY FLOWFIELD 


849 


vorticity production just described and the turbulent part. That is, when the part 
of the field dominated by turbulent motions encroaches on the boundary zone in 
which the organized vorticity originates, it would appear that the role of the shear 
layer oscillations must be modified. Vorticity produced at the surface will then be 
transported mainly by the random fluctuations caused by the enhanced transport 
mechanisms associated with the turbulent field. Then the organized shear layer 
oscillations should be rapidly damped as the gas particles produced in the burning 
zone move into the chamber. 


D. Rotational Velocity Vector Corrections 

It is now possible to complete the solution for the unsteady velocity field. The 
axial component is found by inserting the expressions for £ from Eq. (34) and 
W(r) from Eq. (30) into Eq. (23). The result is 


where 


C (r) 

~s~ 

c (i) 

~s~ 


) sin [k m z sin(inr 2 )] 

(42) 

f C (, '> 

■ v ’ + zw 

(43) 

t; C (r) 

u ’-i nr 

(44) 


Figure 2a shows the composite axial fluctuating velocity (w' = w + w) and 
Fig. 2b the corresponding phase angle vs radial position for a typical case if no 
effects of turbulence are accounted for. 

It remains to determine the radial velocity correction resulting from the pro- 
duction of vorticity. This velocity must be added to whatever surface fluctuation 
is present resulting from, for example, pressure or velocity coupled combustion 
response. It is important to see that this correction is required by continuity since 
the no-slip condition gives rise to a momentum defect at the surface, as in simple 
boundary layer theory. 
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Fig. 2 Laminar axial velocity amplitude and phase angle vs y. 
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In the present case, the continuity equation that must be satisfied by the rotational 
part of the unsteady flow is 


1 a 3 w 

r dr dz 

The radial velocity can be found directly by setting 

ru = f(r) exp (<p + iijs) cos[k m z sin(^7rr 2 )] 
Using Eq. (42) to represent the axial component. This yields 

u — M b Br 2 U 2 exp (<p 4- ;'#) cos[k m z sin(i7rr 2 )] 


(45) 


(46) 


(47) 


where negligible terms (of order M b ) are not shown. 

It is important to observe that this radial velocity fluctuation does not vanish at 
the burning surface. At r = 1, one finds for the real part 


« (r) = -M b ^ 


S 2 (S 2 + %) + % 2 S 2 \ 
( 5 2 + §)2 + ( 5 f ) 2 ) 


cos (k m z) « —Mb cos (k m z) (48) 


where the approximate result corresponds to cases for %/S small, which it is in 
most realistic situations because the flow behavior is nearly laminar in the viscous 
sublayer. 

The surface radial velocity correction must be carefully accounted for in the 
motor stability calculations and in construction solutions for the gas motions in 
the combustion zone. Most work on this problem has been based on the assumption 
of one-dimensional flow normal to the surface. This seems justifiable on the basis 
of the thinness of the combustion layer. However, as will be demonstrated in what 
follows, there are strong effects due to parallel wave influence that are eliminated 
by this and related assumptions (e.g., quasi-steady, one dimensional gas phase). 
Past failure to demonstrate a consistent model for velocity coupling is also related 
to this set of limiting assumptions. 


III. Effects of Turbulence on Organized Unsteady Flow 

It is clear that in real motor chambers there will be two types of unsteady motion 
when the field is both turbulent and supports acoustic waves (and the associated 
vortical waves originating at the inflow boundaries). It is necessary to determine 
how turbulence will affect the organized wave motions. The laminar solution de- 
scribed in the last subsections will be extended by introducing numerically deter- 
mined turbulent transport properties. As already indicated this is an approximate 
method for accounting for turbulent effects and does not include direct turbulent 
flow interations with the organized wave motions. 

Calculations for the development of the turbulent field were carried out for all 
of the typical motor geometries described in Table 1 . For example. Figure 3 shows 
the evolution of turbulence intensity plotted vs radial position as a function of axial 
position (z/L = 1 corresponds to the nozzle end of the chamber). The turbulence 
intensity is zero at the chamber axis and peaks at a position that is typically within 
a distance of 10% of the chamber radius from the burning surface. The turbulent 
intensity grows in magnitude rapidly as the nozzle end is approached. 
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Turbulence Intensity 

Fig. 3 Turbulence intensity distribution (tactical rocket). 

Figure 4 shows the axial velocity profile for the tactical motor configuration 
indicating transition to a turbulent profile as distance along the chamber increases. 
The Culick mean flow profile is reproduced for axial positions less than about 
z/L = 0.3. The profile deepens as turbulence further dominates the field with 
increasing axial distance from the chamber head-end. This is consistent with the 
usual turbulent pipe flow computations. The turbulent axial velocity profiles near 
the nozzle end can be fit quite closely with universal pipe flow turbulent profiles 
such as those devised by von Karmdn. 



Axial Mean Flow Velocity, U z (m/s) 


Fig. 4 Effect of turbulence on mean flow velocity profile (tactical motor). 
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Fig. 5 Eddy viscosity distribution (tactical rocket). 


Figure 5 is a plot of the turbulent eddy viscosity distribution as a function of 
position within the motor. This transport property has a major influence on the or- 
ganized wave structures, since they are strongly dependent on viscous dissipation. 
Near the surface, within the laminar sublayer, the laminar solutions are assumed 
to hold. That is the molecular viscosity dominates the unsteady flow. As distance 
from the burning surface increases, the effects of turbulent transport become rapidly 
more important, and dissipation of the energy contained in the organized rotational 
flow occurs far more rapidly than in the laminar case. 

The turbulent transport properties can be used in the expressions developed for 
the organized unsteady gas motions to approximate the effects of turbulence on 
the wave structure. The laminar behavior described in Fig. 2 is only maintained 
near the chamber forward end. As the turbulence dominates the chamber flow as 
axial distance increases, the laminar motion is replaced by the turbulent organized 
oscillations. 

Figure 6 shows the development of the longitudinal oscillations with axial posi- 
tion. Results shown are for a first mode longitudinal oscillation in the Shuttle SRM. 
Smaller motors show a more rapid transition to a turbulence-modified solution. 
The rotational flow effects penetrate deeply into the chamber near the forward 
end, but rapidly transition to a turbulent form asz/L increases. The turbulent form 
of the motion closely resembles a typical acoustic boundary layer in which the 
rotational flow corrections to the longitudinal acoustic wave are confined to a thin 
zone near the surface. As the nozzle is approached, this effect is enhanced, and 
it can be seen that this can be thought of as the unsteady analog to the erosive 
burning situation. In this case, the axial unsteady velocity profiles are deepened in 
the burning zone. It remains for later study to determine how these changes affect 
the unsteady combustion characteristics, and in particular, the response function 
of the combustion layer. 
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0 0.2 0.4 0.6 0.8 1 1.2 

Axial Velocity Fluctuation Amplitude, w' 

Fig. 6 Effect of turbulence on axial wave amplitude (Shuttle SUM). 


To see the strong turbulence interaction with the surface rotational waves, com- 
pare the plots for w' in Fig. 6 at a position z/L = 0.1 ( 1 0% of the chamber length 
from the head-end) showing the typical laminar behavior and that at z/L = 0.9 
showing the turbulent behavior. The large overshoot is eliminated, and the profile 
more closely resembles a classical acoustic boundary layer. It remains to determine 
the consequences of these changes have on key stability calculations. 


A. Effect of Turbulence on Vorticity Production and Transport 

We have already demonstrated the important role played by vorticity in accom- 
modating the principal wave motion (assumed to be a longitudinal plane acoustic 
wave) to the necessary no-slip boundary conditions. In the absence of turbulence, 
vorticity is produced at the surface and transported as a rotational wave or shear 
wave as illustrated in Fig. 2. When turbulence is present, the mechanism for vortic- 
ity transport is changed because of the enhanced turbulent transport. It is of interest 
to test the present model to determine if it demonstrates these expected features. 
Figure 7 compares the laminar and turbulent solutions at a point somewhat less that 
a third the chamber length from the forward closure. At this location, the turbulent 
flow has not yet reached a dominant level, and there is only a small difference in 
the organized vorticity amplitude distribution. As the axial distance increases, the 
turbulent motion begins to dominate the field. At the location z/L — 0.4, only 
slightly downstream of the position illustrated in Fig. 7, a major modification in 
the organized unsteady field is apparent. 

As shown in Fig. 8, the turbulent fluctuations greatly modify the vorticity distri- 
bution, indicating the random motions have taken over in transporting the vorticity 
produced at the wall into the interior of the chamber. Notice that there is no change 
in the magnitude of the vorticity at the surface since this is determined entirely by 




Distance from Surface 


854 


G. A. FLANDRO ET AL. 



10 12 14 16 IS 20 22 

Unsteady Vorticity Amplitude 

Fig. 7 Effect of turbulence on organized vorticity distribution (Shuttle SRM). 
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Fig. 8 Effect of turbulence on vorticity distribution (Shuttle SRM). 
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the pressure gradient across the incoming streamlines. Behavior near the surface 
is reminiscent of a laminar sublayer. The laminar and turbulent solutions are 
coincident near the inflow boundary. 


B. Effect of Turbulence on System Stability Integrals 

In estimating the tendency for a given motor to exhibit linear instability, it is 
necessary to account for many loss/gain effects in determining the net growth rate 
of an acoustic wave. A very important element is the flow turning damping term 
identified by Culick. 19 The original form of this damping effect was deduced in a 
one-dimensional analysis. It appeared because the no-slip boundary condition was 
invoked at the lateral burning surfaces. There followed several years of confusion, 
since an equivalent term did not appear in the standard multidimensional stability 
model. It was demonstrated in Ref. 2 that Culick’s classical flow turning loss 19 is 
the one-dimensional equivalent of the volume integral 

*"—2 " "'») ' dV (49> 

where 

£ -=/// <p " )2dV = i ,50) 

v 

is the dimensionless normalization function, evaluated here for a cylindrical cham- 
ber with an axial acoustic wave. The first term, Eq. (49), can be written as a surface 
integral since 


3k' 

3 w' ^ 

3u/ 

3 z 

~ ~dr ~ 

' ~~dr 


(51) 


The approximate form is valid because the radial velocity fluctuation 0(Mb ) is 
small and changes only slowly with respect to z. Figure 8 suggests that both laminar 
and turbulent results are the same at the surface where the stability integral must be 
evaluated. Also, the integrand in Eq. (49) oscillates rapidly to zero at the centerline 
(r = 0). Therefore, the value of the volume integral is determined entirely by its 
upper limit (at r = 1 ). The integrand near the upper limit can therefore be accurately 
represented as 


(U x u/) • Vp' m = -k, 


3 w 3 , 

srn(k m z) = — (u ■ VpJ 


(52) 


since the derivative of the vortical velocity with respect to r dominates. This is 
because u involves whose derivative is proportional to the inverse of the mean 
flow Mach number as shown in Eq. (28). Then the flow turning integral reduces to 
the surface integral 


«ft = 


i 

2 El 



dSf, 


(53) 
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where the integration is over the burning surface. Notice that only the rotational 
part of the velocity fluctuation is involved in the flow-turning integral. Therefore, 
the flow turning stability correction vanishes if one assumes an irrotational un- 
steady flow as was done in formulating the three-dimensional stability algorithm 
now in widespread use. Equation (53) is the correct three-dimensional form for 
the flow turning effect and it is now being incorporated in updated versions of 
the standard stability prediction code. Of considerable importance is the demon- 
stration given here that this result is not affected by turbulence. This is the result 
of the independence of this damping effect from viscous processes. It represents 
the energy loss incurred in the process of transfer of energy from the pressure 
oscillations (acoustic field) into the complete chamber unsteady flowfield. 

There are other surface effects that influence the system stability that are related 
to satisfying the no-slip boundary condition at the combustion boundary. These 
results are discussed in Ref. 2, and will not be repeated here. Let it suffice to say 
that modifications in the fluctuating velocity normal to the surface brought about 
by rotational flow effects must be accounted for in motor stability computations. 
What has been demonstrated in this chapter is that these are not affected by the 
encroachment of turbulence on the inflow boundaries; related modifications to the 
combustion response function are currently being evaluated. 


IV. Conclusions 

A fully analytical solution to the Navier-Stokes equations describing the un- 
steady flow in a cylindrical chamber with sidewall injection has been used in this 
paper to establish the effects of viscosity on the flow-turning effect in rocket motor 
combustion instability when strong turbulence is present. The turbulence features 
are evaluated numerically and the resulting modifications to the chamber transport 
properties are used in evaluating the analytical expressions describing the unsteady 
vorticity and velocity distributions. 

The results support the findings of earlier fully numerical studies by Yang and 
his coworkers, 1 which indicated that there is a major influence of turbulence on 
the unsteady flow features near the combustion zone. The benefits of the present 
analytical approach are that it 1) enhances physical understanding of the flow 
processes near the combustion zone, 2) allows ready evaluation of the system linear 
stability properties in a manner consistent with established stability algorithms, 
and 3) provides methods that will be useful in further improvement in modeling 
of the combustion zone in the presence of turbulent fluctuations. 

The organized gas oscillations near the burning surface are controlled by two 
scaling parameters. These are the Strouhal number S , based on the acoustic fre- 
quency and the injection velocity at the propellant surface, and the injection 
Reynolds number Ri. When turbulence is present, the viscous effects are en- 
hanced. There is an apparent decrease in the effective Reynolds number. Then the 
organized shear waves are rapidly damped and vorticity transport is dominated by 
turbulent gas motions. 

The results demonstrate that the flow-turning can be conveniently represented by 
a simple surface integral over the chamber boundaries in keeping with other main 
elements of the stability assessment algorithm. It is demonstrated that turbulence 
does not modify this result and other related stability affects related to production 
of vorticity at the chamber inflow boundary. 
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These stability results are virtually independent of viscosity, although viscous 
forces greatly influence the unsteady velocity distributions in the volume of the 
combustion chamber. This is a consequence of the fact that viscous forces are 
negligible near the injection surface in the laminar sublayer. They are enormously 
enhanced in strongly turbulent regions because of the modifications to the gas 
transport properties. 
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Chapter 3.4 


Some Aspects of Two-Phase Flows 
in Solid-Propellant Rocket Motors 
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Nomenclature 

a, Go = speed of sound in the mixture and in the gas 
d - mean droplet diameter 

et = web thickness burned 

»i s i a g = slag of aluminum oxide in the aft end of the motor 

m tot = mass of aluminum oxide injected into the chamber 

Oh = Ohnesorge number, We l/2 /Re 

Re = droplet Reynolds number, pi V„d / pi 

V n = normal (to the wall) droplet velocity 

V r = mean relative velocity between two droplets 

We = Weber number, p\ V 2 d / 07 

a, p = coefficients of attenuation and dispersion of acoustic energy 
ai = droplet or liquid volume fraction 

A. = heat of vaporization divided by the droplet enthalpy per unit mass 
p g = gas viscosity 

Pi = droplet viscosity 

Vcoii = mean collision frequency between two droplets 

pi = droplet density 

a 1 = droplet surface tension 

Tturb = turbulence characteristic time 

t u = particle/droplet response time 

co = pulsation of the acoustic wave 
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Fig. 1 Scenarios of main physical phenomena. 


I. Introduction 

A LUMINUM powder is commonly used as a solid-propellant additive to in- 
crease specific impulse and sometimes to suppress combustion instabilities. 
However, liquid aluminum oxide (AI2O3) droplets produced by the combustion 
of aluminum particles introduce a two-phase flow in the chamber. This two-phase 
flow can significantly influence motor performance in terms of acoustic stability, 
slag accumulation, nozzle erosion, two-phase losses, and so on. 

Figure 1 summarizes the scenarios of the main physical phenomena in the aft end 
of a solid rocket motor with a submerged nozzle. Numbers in brackets refer to the 
phenomena shown in Fig. 1 . As the propellant bums, aluminum droplets emerge 
from the surface and some will enter into the gas phase at their original size, while 
others will agglomerate [ 1 ] into much larger droplets. 1 The droplets are injected 
into the highly rotational flow where they bum [2] to a bimodal size distribution 
[ 3 ] of liquid aluminum oxide. 2,3 Energy release and droplet size reduction can 
have a significant influence on acoustic -related instabilities, especially if they bum 
far from the propellant surface. Such an interactive effect is called distributed 
combustion. 4 

An important consequence of the presence of two-phase flows in solid rocket 
motors with submerged nozzles is slag accumulation/ It is generated both by the 
impingement of AI2O3 droplets [ 4 ] on some portion of the backface of the nozzle 
and by the capture of these droplets in a recirculation zone [ 5 ], This phenomenon, 
generally, produces a slag pool in the aft end of the motor and an aluminum oxide 
layer on the backface of the nozzle. Another consequence of the presence of the 
liquid phase in the chamber is nozzle erosion. The ablative materials used for the 
nozzle in this environment are subjected, not only to thermal attack, but also to 
droplet impacts. 

When segmented technology is used for large solid rocket motors, inhibitor rings 
between segments can generate periodic vortex shedding [6] in the chamber. Recent 
studies on flows in solid rocket motors have brought new insights on mechanisms of 
vortex shedding driven oscillations due to the effect of these rings. 6 Large coherent 
structures coming from inhibitor ring interact directly with AI2O3 droplets. The 
consequence is that both the acoustic instability 7,8 and the slag accumulation 9 may 
be modified. 

The purpose of this chapter is essentially to emphasize French contributions to 
a better understanding of the slag accumulation process and of the interaction be- 
tween the liquid phase and the acoustic oscillations. These two complex problems 
are addressed in separate sections. The main physical phenomena at the origin of 
the two-phase flow, that is, aluminum oxide formation, is described first. Future 
prospects are also discussed in the last section. 
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II. Aluminum Oxide Formation 

Aluminized propellants can be made up of more than 20% aluminum powder. 
The aluminum particle size lies in the range 5-200 /tm, with the range 10-40 jim 
being the most common . 10 Because of the occurrence of a thin, nonporous ox- 
ide skin over the particles and of the relatively high aluminum boiling tempera- 
ture as compared to the primary flame temperature, the particles do not vaporize 
immediately on the surface. The heating of the particles leads to the melting of the 
metal and to the breakdown of the oxide skin due to droplet expansion. Under the 
influence of surface tension, aluminum can drain out, so that adjacent particles, 
packed inside microstructures bounded by the coarse ammonium perchlorate (AP), 
tend to coalesce into large agglomerates whose size is closely related to the propel- 
lant burning rate, AP particle sizes, and the ratio of fine to large AP mass fractions . 1 
A good estimation of the agglomerate mass fraction for a given composition can 
be obtained with Beckstead’s 11 or Cohen and Strand’s correlation . 12 

The breakdown of the oxide skin results in an increased oxidation rate and in 
a rapid temperature rise that leads to the melting of the oxide. The low solubility 
of the liquid alumina (AI 2 O 3 ) in the liquid aluminum prevents the dissolving of 
the oxide inside the metal. More precisely, because of the high value of the oxide 
surface tension and the low interfacial surface tension between the oxide and the 
metal, the oxide layer tends to retract and expose the metal. Oxidation reactions 
are intensified, and ignition can occur at this stage. 

During combustion, a luminous detached flame surrounds the droplet and a 
convected AI 2 O 3 smoke trail appears behind the droplet (see Fig. 2 and also the 
color reproduction on p. xxvi). The size of the oxide lobe increases progressively, 
reducing the vaporization surface, leading to nonsymmetrical combustion and a 
possible droplet spin. Some jetting processes and disruptive events, probably due 
to the formation and trapping of gaseous oxide just beneath the oxide lobe, were 
observed before extinguishment for many experimental conditions in controlled 
and quiescent atmospheres. Inasmuch as these atmospheres include pure CO 2 or 



Fig. 2 Aluminum droplets in combustion immediately above propellent surface, 
AP/A1/HTPB propellant, chamber pressure = 0.6 MPa (courtesy ONERA; see also 
p. xxvi). 
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H 2 O, the two main oxidizers with HC1 in a propellant environment , 13 " 15 these 
phenomena are likely to occur in a combustion chamber. 

One of the general characteristics of aluminum combustion is the production of a 
condensed phase, consisting mainly (80-90% of mass) of submicron AI 2 O 3 smoke, 
and for the remainder of AI 2 O 3 residues ranging roughly from 20 to 200 /xm, 
depending on original aluminum particle size and degree of agglomeration . 2 ' 16 
Another general characteristic is the so-called distributed combustion. Because of 
their low volatility, the aluminum droplets can bum across a fairly large portion of 
the chamber. In this case, the energy release does not contribute to an increase in 
the burning rate, but, according to recent theoretical, experimental, and numerical 
studies , 4,17-20 its contribution could be significant to the global acoustic balance of 
a motor, especially for a high buming-to-residence time ratio. In fact, even in large 
motor, where this condition is not satisfied, distributed combustion is suspected 
to be a driving mechanism by amplifying flow disturbances in sheared regions 
near the propellant surface. Unfortunately, to date, there is no theory allowing the 
prediction of the intensity of this contribution for a given propellant and motor 
geometry arrangement. 

The process(es) leading to the increase of the oxide lobe is (are) still unknown. 
Three nonexclusive scenarios can be considered. First, ALO 3 smoke is carried 
out toward the surface by convective and thermophoresis effects, because in the 
latter case the temperature difference between the smoke and the droplet surface 
is relatively high . 21 Second, aluminum-containing species, essentially AlO as well 
as AI 2 O and AI 2 O 2 , produced at the flame diffuse inward and condense on the cold 
surface of the droplet. Third, aluminum oxide is produced through heterogeneous 
reactions between the liquid aluminum and the gaseous oxides surrounding the 
droplets. Each of these scenarios might be preponderant in different stages of the 
combustion or depending on the ambiant conditions. 

In spite of our relative misreading of the physical mechanisms involved, fur- 
ther analytical or semi-analytical models have been proposed . 22 " 26 Two of them, 
namely, Law’s model , 23 extended recently by Brooks and Beckstead 18 and Marion 
et al ., 27 and the Gremyachkin et al , 24 model, explain the surface formation of the 
oxide lobe by assuming the second scenario and the third scenario, respectively. 
To date, the fragmentation process is omitted from all of the models. Moreover, 
except for King’s model , 25 they all assume a diffusion-controlled vapor-phase com- 
bustion. The pressure effect is taken into account only by the physical property 
variations. Law’s model 23 and its byproducts have been introduced successfully 
in further numerical flow or acoustic codes . 18 ' 28 29 It is also possible to build com- 
bustion models from experimental and numerical correlations . 30-32 In this case, 
either the fraction of oxide that condenses on the surface is arbitrarily fixed or the 
combustion is stopped for a fixed diameter . 33,34 


III. Interactions Between Droplets and Gas Flowiield 

There is some experimental evidence that even a small mass fraction of alu- 
minum particles can significantly modify the global acoustic balance of a motor. 
The distributed combustion can be seen as a powerful driving mechanism, whereas 
the viscous and thermal lags can be a very efficient damping mechanism. As these 
two antagonistic effects are not supposed to compensate themselves, a two-phase 
reactive approach seems to be necessary to achieve a reliable stability prediction. 
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To illustrate these different interactions, we emphasize three cases: interac- 
tions between inert particles and vortex shedding, interactions between vaporizing 
droplets and acoustic waves, and interactions between burning droplets and mean 
gas flowfield. Even though the last case is a steady-state study, it can give a first 
indication of the possible effect of distributed combustion on acoustic-related in- 
stabilities. 


A. Interactions Between Inert Particles and Vortex Shedding 

The experimental setup shown in Fig. 3 is a small, naturally unstable (whistling) 
motor that was designed to develop a vortex shedding phenomenon locked on the 
first axial mode, as observed in large segmented motors. This laboratory facility 
is only partially representative of these motors, because the shear layer is gen- 
erated from a chamfered edge of the grain located in the middle of the chamber 
and the vortex does not evolve above an injecting surface. In fact, a very simple 
internal geometry was retained to facilitate both the interpretation of results and 
the validation of numerical calculations. 

Two experimental programs were conducted at ONERA. The main purpose was 
to study the effect of an inert particulate phase on the instabilities. 8 35 Four com- 
posite propellants, with close burning rates and flame temperatures, were used 
to perform parametric studies on mass fraction and particle diameter. The first, a 
79% AP-21% hydroxyl-termenated-polybutadiene (HTPB) propellant, was kept 
free of particles to serve as reference. Two were loaded with small alumina parti- 
cles (about 5 (tm) with mass fractions of 5 and 10%, respectively. Because large 
spherical alumina particles were not available, the last was loaded with zirconium 
silicate particles (about 70 ji m) with a mass fraction of 5%. In the following dis- 
cussion, these propellants will be subsequently called Butalite, Butalamine 5%, 
Butalamine 10%, and Butalazine. The particle sizes and mass fractions were care- 
fully chosen by resorting to the acoustic balance theory. 36 For the frequency of the 
first axial mode, which is roughly 700 Hz, small particles should be far more effi- 
cient than large particles in damping the oscillations. Moreover, the mass fraction 
was chosen to observe both vortex shedding and particulate damping. 

Vortex shedding was identified on all of the firings. All tests experienced pres- 
sure oscillations with some bursts corresponding to sustained self-excitation phe- 
nomenon. Butalite tests exhibited three of them, and the other compounds only 
two, in the second-half of the bum (Fig. 4). Spectral analysis suggests that they 
are linked to acoustic mode frequencies, especially the first one, and the frequency 
shifts observed on the power spectral density plots establish the reality of the 
coupling between the acoustics and the vortex roll. 6 
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Fig. 4 Unsteady pressure component at the head end and power spectral density vs 
time and frequency for Butalamine 5 % firing. 


In addition, pressure oscillation damping was observed for the Butalamine tests 
(see Fig. 5). More precisely, the first burst is inhibited, as though the particles 
delay the self-starting, self-sustaining acoustic oscillations, and the second is less 
pronounced because of viscous and thermal particle gas interaction. The increase 
of the particulate mass fraction leads to a moderate increase of the damping effect, 
but only in the second burst. Indeed, the third is barely damped, perhaps because of 
the occurrence of complex wall-eddy-particulate phase interactions at this point 
in the bum. 

Results obtained for the Butalazine tests are quite different. Large particles seem 
to modify the energy distribution inside the chamber, as shown in Fig. 6. At the 
beginning of the firing, the third axial mode and even the fourth are unstable, to the 
point that oscillation levels are larger than for the Butalite and Butalamine tests. 
However, when the vortex shedding is set in motion, although the third axial mode 



Fig. 5 Oscillation levels vs time. 



SOME ASPECTS OF TWO-PHASE FLOWS 


865 


Fig. 6 
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remains important, oscillation levels keep moderate values, similar, as expected, 
to those measured on the Butalite tests. This amplification of high frequencies by 
large particles can be explained by the high value of the Stokes number an u (see 
Sec. III.B), but the mechanisms leading to the coupling with this acoustic mode 
and then to its amplification are still unknown. Such a phenomenon could not be 
observed for the Butalamine tests because, assuming the same value of the critical 
Stokes number, the corresponding frequency would be two orders of magnitude 
larger, that is, about 200 kHz. 

This database was used to validate an unsteady two-phase numerical code. A 
configuration leading to a sustained self-excitation phenomenon was retained. 
Computation conditions (such as grid size, numerics, gas and particle properties, 
and boundary conditions) are described in Ref. 35 and will not be repeated here. The 
code is based on a two-fluid approach and computations were performed without 
propellant response models. In spite of this, simulation-experiment comparisons 
are rather good as shown in Fig. 7 for the Butalamine 5% case (see also the color 
reproduction of this figure on p. xxvi). 

Computations were first conducted for 6-/zm particles with three different mass 
fractions of 5, 10, and 20%. The magnitude and phase of the Fourier coefficient 
of the first axial mode, along the chamber axis, highlight the form of this mode in 
the grain port and the presence of four eddies in the second part of the chamber, 
in agreement with the vorticity contour plot (see Fig. 7). Oscillation levels were 
found to be larger with a mass fraction of 10% than with a mass fraction of 5%, 
whereas, with 20%, oscillations are totally damped (not shown). This result is in 
direct conflict with the linear theory (see Sec. III.B) that, of course, cannot predict 
this threshold effect, which is probably related to complex, still unknown, particle- 
eddie-acoustic interactions. By contrast, the frequency shift due to a change in the 
speed of sound is well recovered by the computations, in agreement with both 
theoretical and experimental results. 
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Fig. 7 Vorticity contour plot for the Butalite computation and Fourier coefficients of 
the first mode along the chamber axis (see also p. xxvi). 


A parametric study on the particle size around 6 /xm highlights the drastic 
sensitivity of the oscillation levels to the particle size, at least when the Stokes 
number approaches 1 (see Table 1). Unlike the case for single-phase flow, the ratio 
of the aft-end to head-end oscillation level is larger than 1 . The damping is more 
significant at the head end because the upstream running pressure wave has to 
travel a greater distance. 

For all of these computations, the signal remains monochromatic and the fre- 
quency keeps the same value. For the larger particles, the signal is no longer 
monochromatic. The first three acoustic modes are amplified, and the frequency 
of the first mode is slightly increased, in accordance with the experimental results. 
Coarse particles are swept by the eddies toward the centerline, where the mass 
concentration increases drastically. As a result, 70-/xm particles tend to damp the 
oscillations with the same efficiency as 6-/xm particles, as though the concentra- 
tion effect, due to a selective repartition mechanism, could compensate the size 
effect. In fact, these large particles act less on the acoustics than on the flow itself, 


Table 1 Parametric study on particle size for 5% mass fraction 


Particle 
diameter, /xm 

Stokes 
number, a»r„ 

Frequency, Hz 

Head-end pressure 
oscillation, mbar 

Aft-end pressure 
oscillation, mbar 





731 

31 

26 

5 

0.33 

684 

30 

30 

6 

0.47 

684 

20 

22 

6 and 7 

0.56 

684 

12 

15 

7 

0.64 

684 

8 

11 

70 

64.4 

713“ 

21 

14 

5 and 70 

— 

699 

18 

21 


'Polychromatic signal. 






SOME ASPECTS OF TWO-PHASE FLOWS 


867 


because, as in single-phase flow, the ratio of the aft-end to head-end oscillation 
level is larger than 1 . 

The computation with two classes of particles, 50% each of 5 and 70 jum, also 
gives a monochromatic signal with a frequency that is exactly the average value 
between the two monosized computations, whereas, as regards the oscillation 
levels, intermediate but not average values are obtained. In other words, there 
are enough small particles to damp the upper acoustic modes, probably with a 
threshold effect, and the frequency depends linearly on the mass fraction, although 
the dependance is far more complex for the oscillation levels. 

To sum up, the main results deduced from this study are the following: 

1) The influence of the dispersed phase must be taken into account to achieve a 
reliable stability prediction. 

2) The particle-gas interactions are extremely complex; some threshold effects 
can be identified. 

3) The increase in the loading does not necessarily accentuate the attenuation 
of instabilities. 

4) The selective repartition mechanism of the dispersed phase by the vortex can 
lead to a concentration effect that, in practice, can reveal itself as efficient as the 
size effect. 

5) Particle size is a sensitive parameter that may act on the oscillation levels 
and on the energy distribution, so that the distribution size must be described very 
precisely. 


B. Interactions Between Vaporizing Droplets and Acoustic Waves 

Attenuation of sound by suspended droplets in a gas has been treated theoreti- 
cally by many authors for more than 80 years. The simplified analysis of Temkin 
and Dobbins 57 is among the most popular. An alternative method, developed in 
the acoustic balance theory framework, is reported in Ref. 36. 

Inert droplets are inclined to damp and to disperse the waves by slowing them. 
The damping is all the more pronounced when the droplet response time is close 
to the acoustic time period or, in other words, when the acoustic Stokes number 
cot u is close to 1. The damping increases linearly with the droplet mass fraction. 
The dispersion is highest for relatively small droplets and/or for relatively low 
frequencies, as shown in Fig. 8, which presents a plot of the nondimensional 
coefficients of attenuation and dispersion of acoustic energy, namely, a*, and P*, 
defined by 

a* = (a 0 /w)ct p* = {al/w 2 )p = [(a 0 /u) 2 - l] (1) 

The Temkin and Dobbins 37 reasoning was extended by Marble, 38 who stud- 
ied sound attenuation in a condensing vapor by assuming a diffusion-controlled 
process, and by Dupays and Vuillot, 20 who considered a vaporizing droplet cloud 
by assuming a thermal conductivity-controlled process. With this model, 20 the 
mass transfer process is found to dominate the other interaction processes and, 
as a result, to amplify acoustic waves (a* < 0) and to increase the phase velocity 
(P* < 0) as shown in Fig. 8. The position of the minimum of the a* curve, which 
gives an estimation of the critical frequency-diameter pair, depends mainly on the 
nondimensional heat of vaporization A.. By knowing that, for the aluminum, k is 
close to 1, it is easy to find critical diameters ranging from 25 to 30 ^m for a 
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Fig. 8 Nondimensional attenuation a* and dispersion /3* of an acoustic wave 
propagating in a two-phase medium with a loading of 0.4 (points correspond to 
numerical simulations). 


typical, large solid rocket motor. It can be shown also 20 that even a small mass 
fraction of vaporizing droplets can amplify acoustic waves. 

Even though the generalization of these results to the case of aluminum com- 
bustion seems hazardous, this study 20 gives arguments for suspecting that dis- 
tributed combustion may be a powerful source of instability. From a numerical 
viewpoint, these theoretical developments offer convenient support for defining 
simple test cases for validating unsteady reactive two-phase flow codes. Results 
obtained with numerical simulations, for instance, are in good agreement with the 
theory. 20 


C. Interactions Between Burning Droplets and Mean Gas Flowfield 

This subsection describes the interactions between burning aluminum droplets 
and the mean gas flowfield in a subscale motor. This small motor was chosen be- 
cause the residence time is roughly equal to the droplet combustion time. The ge- 
ometry of this motor is axisymmetric, with a classical converging/diverging nozzle 
and a cylindrical propellant grain (AP/A1/HTPB), as shown in Fig. 9. Calculations 
were performed with an Eulerian-Lagrangian approach, with Eulerian gas-phase 
and Lagrangian liquid-phase modeling. 28 

Law’s model 23 for aluminum combustion was retained because it takes into 
account the presence and growth of the oxide cap. The original model was improved 


0.0 / 
IGNITOR 


Fig. 9 Schematic of an axisymmetric test motor (dim in m). 
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with a modified Sherwood number to consider convection effects that can become 
significant in places where the difference between the gas and droplet velocities 
is large. The oxidizer concentration was corrected to take into account that, in 
solid rocket motors, the oxidizer is not pure oxygen but, essentially, a mixture of 
CO 2 and H 2 O. A concentration of an equivalent oxidizer was defined with the 
correlation suggested by Brooks and Beckstead. 18 

Because of the exchange of mass, momentum and energy, the two phases are 
strongly coupled. The action of the gas phase on the liquid phase was directly 
taken into account in the droplet behavior models. 28 39 The effect of the dispersed 
phase on the mean gas flowfield was modeled by including source terms in the 
right-hand side of the gas-phase equations. 

At the beginning of the calculations, the flowfield was simulated without alu- 
minum droplets but with a propellant surface temperature determined by using 
results from a complex chemical equilibrium composition code. 40 The resulting 
solution is then used as an initial condition for the two-phase flow simulation, 
and aluminum droplets are injected into this flowfield through 15 injection points 
uniformly distributed along the propellant surface. The coupling between the two 
phases was performed by using an unsteady approach: this means that the equa- 
tions for the two phases are solved simultaneously. In particular, the source terms 
in the gas-phase equations are evaluated at each time step. 

Three gaseous species were considered, namely, an inert propellant gas, an 
oxidant gas, and a gas produced by the aluminum combustion, as suggested in 
Ref. 29. Two classes of droplets (125 and 30 /zm) were injected, with the same 
mass fraction, to take into account the agglomeration process on the surface. Gas 
and droplets were injected at the same temperature, 2317 K, but not at the same 
velocity. The injection velocity of the droplets was about one order of magnitude 
smaller than the gas velocity. 

The results of this calculation were compared with the results of another simu- 
lation, in which combustion was considered as confined to the propellant surface 
(surfacic combustion). In that case, we considered an equivalent gas that was the 
result of the mixing of all of the species comprising the combustion products of 
aluminum. The injection temperature was 3380 K. 

Figure 1 0 shows the temperature field for both cases (see also the color reproduc- 
tion on p. xxvii). In the case of surfacic combustion, we note that the temperature 
is homogeneous in the entire combustion chamber. On the other hand, the tem- 
perature distribution is very heterogeneous in the case of distributed combustion. 
It depends essentially on the aluminum droplet concentration, and so it is higher 



3375 K 


Surfacic combustion 




Distributed combustion 


Fig. 10 Temperature fields for the two approaches (see also p. xxvii). 
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near the axis of the motor, where the dispersed phase is very dense. For the case 
of distributed combustion calculations, the 30-/i.m droplets are rapidly burned. In- 
deed; the mean radial distance traveled by these droplets before their total burning 
is about 4 mm. The 125-p.m droplets that are injected close to the head end of the 
motor impinge on the ignitor wall, whereas the others are dispersed in the chamber 
and bum all along their trajectory. Most of them have completely burned before 
reaching the nozzle. Similar computations using an Eulerian approach for the gas 
and liquid phases are described in Ref. 29. 

This comparison shows that, in the case of a short solid-propellant motor, dis- 
tributed combustion may have a major influence on the mean gas flowfield. This 
study may give a first indication of the possible effects of distributed combustion 
on acoustic-related instabilities. 


IV. Slag Accumulation 

The slag generation is very complex and may appear in motors with submerged 
nozzles. This phenomenon involves unsteady two-phase flow with recirculating 
aluminum oxide droplets, multimodal droplet size distributions, and droplet-wall 
interactions in motors that may be vectoring, spinning, accelerating axially, or 
ejecting slag. Slag is generated when AI 2 O 3 droplets become trapped behind the 
submerged nozzle (Fig. 1). This entrapment occurs by impingement on some 
portion of the backface of the nozzle or by capture in a recirculation zone. Slag may 
have several consequences on motor performance, on thermal insulation behavior, 
and on thrust vectoring. 

The biggest database of slag weight measured after static firings was published 
for U.S. solid rocket motors, but no reliable slag weights in flight motors have 
been identified. Slag accumulation measurements in a vertically static rocket motor 
were recently carried out . 41 Real-time radioscopy (RTR) was used to determine 
slag accumulation. The RTR system consisted of an x-ray radiation source and 
a camera box. The x-ray source transmitted radiation through the aft end of the 
motor into the camera box. Results showed that, in this motor, slag moved actively 
in the aft dome. Significant sloshing of the material at low frequencies (2-3 cps) 
was evident. Some of this movement is coordinated with step inputs in the nozzle 
gimbal angle that are sustained over long periods of time. 

Such measurements, however, are complex, are costly, and cannot identify the 
basic physical phenomena involved in the process. Therefore, a continuous effort 
in modeling and in the development of numerical tools has been under way for 
some years . 5,42-46 In France, to understand the slag accumulation phenomenon, 
some numerical studies were carried out. The following subsections summarize 
this French contribution. All numerical studies presented concern computations 
in a large solid rocket motor using a 68 % AP-14% HTPB propellant. To simplify 
calculations no combustion model was used. 


A. Two-Phase Flowfields 

The first investigation used a combined Eulerian-Lagrangian 46 approach based 
on steady solutions of the gas flowfield. The Eulerian gas-phase analysis used a 
numerical solution of the ensemble-averaged gas equations completed by a low 
Reynolds number k-l turbulence model. The motion of the particulate phase was 
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Fig. 11 Slag rate vs droplet diameter and curvilinear abscissa along the motor case 
walls. 

described with a Lagrangian method using different stochastic models to analyze 
the effect of flow turbulence. The particulate phase consisted only of AI 2 O 3 droplets 
injected with a classical bimodal size distribution 2,5 ' 16 (80% in mass for the smoke 
and 20% for the residues). The droplet trajectories were calculated on the steady 
gas flowfield, and the slag rate was estimated by summing the droplets trapped 
behind the submerged nozzle. The conditions under which droplets are unable to 
exit the nozzle are characterized by the capture rules. Two captures rules (see S 1 
and S2 in Fig. 1) have been considered. SI corresponds to the break point in the 
nozzle backside geometry. S2 could be considered as giving the maximum slag 
accumulation because for any locations S > S 2 along the motor case walls, droplets 
exit the nozzle. An example of the results is shown in Fig. 1 1 for a large solid rocket 
motor with submerged nozzle. Figure 1 1 shows, for one bumback geometry, the 
slag rate (m s i a g/m to t) vs droplet diameter and curvilinear abscissa S along the motor 
case walls. It can be seen that the slag rate increases with droplet diameters. The 
increase in slag rate is very abrupt near the two capture points defined earlier. 
Capture points, thus, seem to be important parameters and need to be defined very 
accurately. The numerical study also showed that the turbulence flowfield in the 
chamber seems to be another important parameter for slag accumulation . 46 

It also appears, from these simulations, that classical AI 2 O 3 bimodal droplet size 
distributions could not produce the total amount of slag that has been experimen- 
tally observed during static firings. To explain this difference between numerical 
and experimental results, some new calculations including droplet collisions were 
carried out. 


B. Effect of Droplet Coalescence 

The aim of this section is to show that droplet coalescence in the rocket chamber 
may have a significant influence on the slag accumulation rate in the aft end of 
the motor and may explain the difference between the experimental and numerical 
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results just presented. This is plausible, because the coalescence process leads to 
the formation of larger sized droplets, which are more likely to be trapped behind 
the summerged nozzle, due to their higher inertia. 

Assuming that the droplet collision rate may be calculated as for molecules in 
a gas, it is possible to estimate the collision frequency order of magnitude. Using 
arguments of kinetic theory, it can be proved 47 that the mean collision frequency 
v CO ii is given by 

Vcoii ai V r /d (2) 

In the case of a large solid rocket motor, typical values for a /, V r , and d are 0.001, 
5 m/s, and 10 /xm, so that u co n = 500 s -1 . For a residence time of about 0.1 s, this 
means that a droplet will, on average, participate in 50 collisions while traveling 
through the combustion chamber. This rough calculation shows that droplet col- 
lision may play a fundamental role in a solid-propellant rocket motor and must be 
taken into account in numerical simulations. 

Because of the analogy between droplet collisions in a turbulent gas flow and 
molecule collisions in a gas, the kinetic theory framework is well adapted to derive 
a model for droplet coalescence. Let f m (t, x, v, r) be the mean droplet density 
of velocity v and radius r and let x, v, r, v', r') be the mean density of the 
droplet pairs. Using classical arguments in the kinetic theory of gases, it is possible 
to establish an equation of the following form: 

= 0coii(/ <2) ) (3) 

coll 

where Q c0 \\ is a nonlinear integral operator. 47-51 All of the physical knowledge 
about the collision process is included in the definition of this operator. 

In the present model, following the conclusions in Ref. 52, it has been assumed 
that a collision may either result in an elastic rebound (for a large impact parameter) 
without any modification of the droplet sizes or in the coalescence of the two 
droplets (for a smaller impact parameter). The critical value of the impact parameter 
separating the two regimes is a function of the radii ratio r/r' of the colliding 
droplets and of the collision Weber number, defined in Refs. 53-55 by 

We c = [pi\v - v'| min(r, r')]/a; (4) 

The main difficulty is to close Eq. (3). The simplest way is the so-called chaos 
assumption that consists of assuming that 

/ (2) (r, x, v, r, v', r') = f m (t, x, v, r)f 0) (t, x, v', r') (5) 

Actually, because of the correlations induced by the action of the gas on the 
droplets, this relation is generally not valid and leads to an overestimation of the 
collision rate. To get a more accurate collision model, Eq. (5) can be replaced by 

x, v, r, v\ r) = E(t , *, v, v ' , r, r')f w (t, x , v, r)f m {t, x, v' , r') (6) 

where E(t,x,v,v',r, r’) is a correction factor, called collision efficiency. The 
general form of E is 

E(t, x, v, v\ r, r’) — E c (t, x, u, v\ r, r')E v (t , x, v, v', r, r') (7) 

The term E c takes into account that, when a droplet approaches another one, it does 
not follow a straight line trajectory, but instead is deflected due to the interaction of 


d/ (1 > 

dr 
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the two droplets with the surrounding gas flow. Thus, it is possible that the smallest 
droplet may circumvent the largest one and that the collision not occur. Following 
this mechanism, a typical expression for E c can be found in Ref. 56. 

The term E v takes into account velocity correlations over a distance larger than 
the drop radii. It is clear that, due to the drag force exerted by the gas, a small 
droplet has almost the same velocity as the gas. Thus two small droplets located 
around the same point would necessarily have almost the same velocity. This 
yields 

x, v, r, v' , r) % 0 if v ^ v' and r,r'<r CT « (8) 


where r crit is the radius of a droplet whose relaxation time is equal to a typical 
turbulence integral timescale r turb . On the other hand, it is quite reasonable to 
suppose that 

f a) (t, x , v, r , v', r') /<'>(?, t,, r)f w (t, x, v', r') 


if r » rent or r' » r crit (9) 


This reasoning leads to the following expression for E v : 


E v (t, x, v, t/, r, r') = 0 
E v (t, x, v, v ' , r, r') = 1 


if r < r cm and r' < r cm 

if r > r crit or r > r crit (10) 


with 

rait(t, x ) = y/{9ix g /2pi)x luib (t,x) 


(ID 


Other possible expressions of the term E v may be found in Refs. 49 and 57. 

To test the influence of coalescence on the slag accumulation rate, this collision 
model has been introduced in the Eulerian-Lagrangian numerical code mentioned 
earlier. Several computations were carried out on the same solid rocket motor 
described earlier. One bumback geometry was chosen for the calculations. The 
pressure chamber is 45 MPa for this motor configuration. Figure 12 shows the mo- 
tor chamber and the different droplet trajectories starting on the propellant surface. 
The particulate phase consisted of AI2O3 droplets injected with a classical bimodal 
size distribution 2,5,16 (80% in mass for the smoke and 20% for the residues). A 
complete description of all of these calculations (including numerical algorithms, 
grid size, and boundary conditions) can be found in Ref. 58. 

Two collision models have been tested: the first one (model 1) corresponds to 
the chaos assumption [E = 1 in Eq. (6)]. The second one (model 2), based on the 
correction factor E [Eqs. (6-1 1)], takes into account the effect of the surrounding 
gas on the collision rate. The slag rates obtained, for the second capture rule S 2 (see 
Fig. 1), are summarized as follows: for slag rate m s \ dg /m tol , 3.4% for the model 
without collision, 29.2% for collision model 1 , and 6.9% for collision model 2. 


Section 2 Section 3 



Fig. 12 Position of the sections. 
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Fig. 13 Droplet size distributions in different sections (model 1) (see also p. xxviii). 


These results clearly show the major influence of coalescence on slag calculation 
and confirm the importance of the correction factor E in the calculation of the 
collision probability. 

Three sections, denoted 1, 2, and 3 in Fig. 12, were chosen to compare the 
evolution of droplet size distribution in the chamber as computed by model 1 and 
model 2. Figure 13 shows the results obtained with model 1 (see also the color 
reproduction on p. xxviii). In this case, almost all of the smallest droplets have 
coalesced with the larger residues. This explains why the slag rate is so high. 
Figure 14 shows the results obtained with model 2 (see also the color reproduction 
on p. xxviii). In this case, the influence of coalescence is significantly reduced. 
The collision efficiency between the smokes and the residues is much lower than 
with model 1 . 

Much work is still necessary to improve and validate this collision model, but 
these preliminary results indicate that coalescence certainly plays a fundamental 
role in the slag formation process. 


C. Capture Rules, Droplet- Wall Interactions, and Liquid Film Formation 

It has been shown that capture rules are one of the most important parameters for 
the slag calculation. For a better prediction of aluminum oxide slag buildup on the 
nozzle wall and the motor case walls in the aft end, droplet-wall interactions with 
and without the presence of a liquid film must be modeled. Because AI 2 O 3 is liquid 
only above 2327 K, direct measurements of droplet-wall interactions and liquid 
film formation would require expensive motor firings for which no diagnostic 
techniques are available. If experiments could be conducted at room temperature, 
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Fig. 14 Droplet size distributions in different sections (model 2) (see also p. xxviii). 

measurement and visualization techniques would be available. Ethanol is liquid at 
room temperature and has been used in several research programs 59,60 to elaborate 
models taking into account droplet interaction regimes and both the formation and 
the behavior of the liquid film. From these studies, several regimes can be identi- 
fied as regards droplet-wall interactions. Depending on the value of the Ohnesorge 
number and of the Weber number, rebound, deposition, spattering, and splashing 
can be observed. The limits between the different zones are given by the parameter 
K = ,/[ WeJ(Re)], as shown in Fig. 15 for a dry wall. When a liquid film is present 



Fig. 15 Regimes of droplet wail interactions, K = y/[We->/(Re)]. 
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Fig. 16a Impingement rate vs droplet diameter for different regimes. 


on the wall, the different regions are only translated. Correlations taking the film 
thickness into account can be found in Ref. 28. 

An example, results for droplet impingement, is shown in Fig. 16a. These cal- 
culations were performed by using two-phase flowfields presented earlier on the 
aft end of a large solid rocket motor. Results present, for the four regimes of in- 
teraction, the influence of the droplet size on the impingement rate, as defined by 
the ratio between the number of impingements for one selected regime and the 
total number of impingements. The global impingement rate, defined as the ratio 
between the total droplet impingement and the total injected droplets, is plotted 
in Fig. 16b. It can be seen in Fig. 16 that most of the impacts concern the larger 
droplets. 



Fig. 16b Global impact rate. 
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Fig. 17 Evolution of film thickness. 


To evaluate the mass flow rate fraction of aluminum oxide supplying the pool 
in the aft end and the fraction flowing toward the nozzle, the stagnation point of 
the liquid film must be determined. The liquid film is considered as a laminar 61 
one-dimensional flow. The details of the modeling can be found in Ref. 28. Follow- 
ing this approach, computations of the film thickness along the motor case walls 
(see Fig. 1) were carried out for the case of a continuous injection of aluminum 
oxide droplets. Figure 17 shows the time evolution of the liquid film thickness. The 
thick black curve represents the final film thickness obtained after the convergence 
of the computation. As it can be seen in Fig. 18, the aerodynamic stagnation point 
is different from the film stagnation point. This fact can induce discrepancies in 
the slag evaluation if the positions of the two stagnation points are assumed to be 
similar. 


D. Effect of Vortices 

The aim of this investigation was to analyze how large coherent structures (due 
to the vortex shedding phenomenon) can capture droplets and modify slag retention 
in the aft dome of a large solid rocket motor (mentioned earlier). This numerical 
simulation used an Eulerian two-fluid model 9 based on unsteady conservation 
equations for the gas phase and the dispersed phase. No combustion model was 
introduced in the model. Calculations were performed, in the entire motor, for three 
droplet diameters (35, 65, and 110 gm). For each droplet size, the mass flow rate of 
both phases, on the propellant surface, remained constant. Special care was taken 
in the refinement of the grid in the regions where the vortex shedding phenomenon 
occurs. 62 Figure 19 shows the droplet volume fraction in the aft segment of the 


Aerodynamic stagnation point 



Fig. 18 Closeup of the film. 
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Fig. 19 Droplet volume fraction in the aft segment of the motor for three droplet 
sizes (courtesy of Societe Nationale des Poudres et Explosifs; see also p. xxvii). 


motor for the three droplet sizes (see also the color reproductions on p. xxvii). 
It can be seen that droplets are centrifugated by vortices. An overconcentration 
of droplets appeared surrounding the vortices. Results have shown that unsteady 
droplet mass flux enters and exits the aft end of the motor. With this two-fluid 
model, it was not possible to define a capture rule for calculating the slag rate. 
Evaluation of the slag rate vs time was carried out by integrating droplet mass flux 
between two grid lines (Fig. 20) in the vicinity of SI and S2 (see Fig. 1). Because 
of the unsteady effect, an integration in time is necessary to obtain the final slag 
rate (m s i ag /m tot ). Comparisons with results presented earlier were difficult because 
the definition of the capture rule was very different. Much work is still necessary 
to define accurately a base of comparison between unsteady calculations using 



Fig. 20 Lines used in the computation of droplet flows (SNPE picture). 
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two-fluid model and Eulerian-Lagrangian approach based on steady solutions of 
the gas flowfield. These calculations, however, reveal the possible important effect 
of unsteady vortices on slag retention. 


V. Conclusions 

This chapter summarizes some important results and the current French models 
of two-phase flows in solid rocket motors. Further work is needed to understand 
various physical phenomena not clearly identified. 

Among them, the mathematical modeling of the distributed combustion effect 
seems to be the most challenging task. It requires a fine description of the interaction 
between the combustion process and the acoustic field, whereas the quasi-steady 
process is still at the beginning stage of understanding. Numerical simulations at a 
scale of the droplet must be encouraged. In addition, the fragmentation process of 
aluminum droplets in combustion and the mechanisms responsible for the growth 
of the oxide lobe need to be explained because knowledge of the droplet size 
distribution inside the chamber is of primary importance for a correct estimation 
of slag deposition and for the achievement of reliable stability predictions. Effort is 
also required to evaluate the role of the turbulence and the large coherent structures 
on droplet dispersal. Further investigations are necessary to confirm the influence of 
droplet collisions. Basic experiments must be conducted to validate and to improve 
the collision efficiency in the motor. Some other points remain to be clarified, 
including the following: What is the composition of the agglomerates? Do they 
bum as isolated droplets? Why does the increase of particle loading not necessarily 
accentuate the attenuation of instabilities? What is the effect of flight acceleration 
on capture rules? Is the AI2O3 slag ejection a source of acoustic mode exitations? 
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Chapter 3.5 


Combustion Dynamics of Homogenous Solid 
Propellants in a Rocket Motor 
with Acoustic Excitations 

Tae-Seong Roh,* Sourabh Apte,* and Vigor Yang* 
Pennsylvania State University, University Park, Pennsylvania 


Nomenclature 

A = preexponential factor 

C p , i = specific heat of gas phase species i at constant pressure 
C c = specific heat of propellant 

E, F = convective flux vectors in axial and vertical directions, respectively 

E„,F V = viscous flux vectors in axial and vertical directions, respectively 

E a = activation energy 

e = specific total internal energy 

H = chamber half-height 

h = specific enthalpy of mixture 

hi = specific enthalpy of species i 

h® i = heat of formation of species i 

1^, l c = turbulent length scales 

k = turbulent kinetic energy 

N = number of species in gas phase reactions 

p = pressure 

Q = dependent variable vector 

Q s = specific heat release in condensed phase 

rb = propellant burning rate 

R u = universal gas constant 

Re = Reynolds number 

Re, = turbulent Reynolds number 

S = source vector 
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t = physical time 

T = temperature 

T s = temperature at propellant surface 

Ti = initial temperature in condensed phase 

u, v = bulk velocities in axial and vertical directions, respectively 

iij , Vi = diffusion velocities in axial and vertical directions, respectively 

v = velocity vector 

Wj = molecular weight of species i 

x,y - Cartesian coordinates 

Xi = mole fractions of species i 

Y t - mass fractions of species i 

y n = distance from propellant surface 

y + = nondimensional distance from the wall 

y = distance from propellant surface in condensed phase 

P = normalized activation energy 

y = specific heat ratio 

e = dissipation rate of turbulent kinetic energy 

k = von Karman constant 

A. = molecular thermal conductivity 

/r = molecular viscosity 

fj., = turbulent viscosity 

v = dynamic viscosity 

p = density 

r = viscous stress tensor 

d>; = rate of production of species i 

Subscripts 

a = acoustic mode 

c = condensed phase 

g = gas phase 

i = ith species or initial condition 

p = propellant 

s = burning surface 

v = vortical mode 

w = wall 

a = entropy mode 

Superscripts 

= time-averaged quantity 
' = fluctuating quantity 


I. Introduction 

T HIS study is a sequel to our earlier publications on the transient combustion 
response of a double-base homogeneous propellant to acoustic oscillations 
in a solid rocket motor . 1,2 The previous work focused on the gas-phase flame 
dynamics 1 and the coupling with the condensed-phase processes in a laminar 
flowfield . 2 Much information was obtained about the detailed flame structures 
and heat-release mechanisms at scales sufficient to resolve the oscillatory motions 
near the propellant surface. Results indicated that, under laminar-flow conditions, 
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the motor stability characteristics were governed mainly by the dynamic behav- 
ior of the final luminous flame zone. The large thermal inertia in the condensed 
phase effectively restrains the temperature fluctuations in the near-surface region, 
and consequently the primary flame dynamics remains unaffected, even with the 
condensed-phase coupling. The situation in turbulent flowfields, often observed 
in practical rocket motor environments, is, however, considerably different be- 
cause of the turbulence-enhanced transport in the flame zone. The present study 
addresses the effect of turbulence on propellant combustion response in a rocket 
motor with forced acoustic excitations. The unsteady heat release, arising from the 
combined influence of turbulent and acoustic motions, as well as its interactions 
with the condensed-phase processes, is treated in depth. 

It is well established that a propellant burning in an acoustic environment can 
be characterized by its response to the pressure and velocity fluctuations above the 
propellant surface, phenomena commonly referred to as pressure- and velocity- 
coupled combustion response, respectively. 3 While the former has been extensively 
studied and the origins of the physical behavior are reasonably well understood, the 
general problem of velocity coupling remains largely unresolved. This coupling 
is essentially a local phenomenon, depending on the near-field flow structure, 
chemical reactions, and imposed acoustic oscillations. Turbulence may drastically 
alter the gas-phase flame dynamics through its influence on flow motion and, 
consequently, modify the propellant burning rate. The resultant fluctuations in the 
mass, momentum, and energy additions to the motor internal flow may trigger 
unstable modes of acoustic oscillation in the chamber. If the process occurs at 
proper spatial and temporal phases with respect to the acoustic waves, a feedback 
loop can be established, and high-amplitude flow oscillations are sustained, leading 
to combustion instabilities. 

To model such a complex phenomenon of unsteady propellant combustion in 
turbulent flows requires a comprehensive analysis based on complete conserva- 
tion equations and finite-rate chemical kinetics in both the gas and the condensed 
phases. In subsequent sections, a theoretical formulation of solid propellant com- 
bustion in a rocket motor is developed, followed by a brief description of the 
numerical technique employed in the present study. The analysis first establishes 
the steady-state flowfield in the motor. Interactions between acoustic oscillations 
and propellant burning are investigated by imposing periodic pressure oscillations 
at the combustor exit, simulating standing acoustic wave motions in the chamber. 
Various mechanisms driving unsteady heat release and flow motions, as well as 
their effect on the global stability behavior of the motor, are analyzed in depth. 


II. Theoretical Formulation 

A. Gas-Phase Process 

Figure 1 shows the physical model examined herein, a two-dimensional solid 
rocket motor loaded with a double-base homogeneous propellant grain. The major 
ingredients of the propellant are 52% NC, 43% NG, and 5% additives. The formu- 
lation follows the model established in Refs. 1 and 2 and is summarized below. In 
vector form, the governing equations for the multicomponent chemically reacting 
system of N species can be expressed as 

?R + ± {E -E v )+^-(F-F v ) = S 
at ax ay 


( 1 ) 
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Fig. 1 Schematic diagram of a solid rocket motor. 


where x and y represent the axial and vertical coordinates, respectively. The con- 
served variable vector Q, convective flux vectors E and F, and diffusion-flux 
vectors E v and F v are defined as follows: 


Q = [p, pu, pv, pe, pYi] r 

(2) 

E = [pu, pu 2 + p, puv, {pe + p)u , puY t ] T 

(3) 

F = [pu, puv , pv 2 + p, {pe + p)v, pvYtf 

(4) 

E v — [0, T X xt r.vy , UT X x ■+■ VT X y ~~ qe x i 

(5) 

F V = [0, Xyx, Tyy, UT X y "F VT yy 

(6) 

S = [0, 0, 0, 0, a)j] T 

(7) 


where the subscript i stands for species i, ranging from 1 to N — 1. In these 
equations, p,u,v,Yi, and r represent the density, axial and vertical velocity com- 
ponents, mass fraction of species i, and viscous stress, respectively. The thermal 
diffusion terms q ex and q e consist of contributions from heat conduction and mass 
diffusion processes. Fick’s law is used to approximate the species diffusion terms 
q ix and q t) . For a multicomponent mixture, the pressure and temperature can be 
calculated iteratively from the following thermodynamic relation and equation of 
state: 

e = J2 Y i t 'i~- + W + v2) (8) 

ti P 2 

p = p R - T £ w, m 

where h t and W, are the specific enthalpy and molecular weight of species i, 
respectively. 

Within the pressure and temperature ranges of practical rocket-motor environ- 
ments, the thermal conductivity and viscosity are basically functions of the temper- 
ature alone. They can be well approximated by fourth-order polynomials supplied 
by McBride and Gordon, 4 which are valid for temperatures ranging from 300 to 
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6000 K. Thermal conductivity and viscosity are calculated using Wilke’s mixing 
rule. 5 


B. Chemical Kinetics Model 

The chemical kinetics scheme used herein follows the reduced-reaction mech- 
anism established in Ref. 1. In brief, the condensed phase involves two global 
processes: molecular degradation of the propellant and the ensuing reactions of 
the decomposed gases, which provide elementary species such as NO 2 , NO, and 
aldehydes to maintain the gas-phase flames. The gas phase is characterized by five 
rate-limiting reactions. The NOj and aldehyde reactions forming NO, CO, CO 2 , 
and HiO occur in the primary flame zone due to their relatively low activation 
energies. The highly exothermic reduction of NO to N 2 proceeds in the secondary 
flame zone and provides the major heat source for raising the flame temperature 
to its final value. The reaction of carbon and NO plays a key role in determining 
the behavior of the dark zone, giving rise to a two-stage flame structure. 


C. Condensed-Phase Process 

The condensed phase consists of a preheated zone and a superficial thermal 
degradation layer, in which thermal decomposition of the propellant and reaction 
of decomposed species take place simultaneously. If we ignore the bulk motion, 
mass diffusion, and axial thermal diffusion, and assume constant thermophysical 
properties, the formulation governing the condensed-phase processes reduces to 
the following set of one-dimensional equations 1 ' 2 : 

m = p c r b (10) 

„ ar . „ dT a 2 t . 

PcCc “ 1 “ JtlC c . — ~ 2 ( ) 

dt 3 y 3 y 2 

dYi . • dY ‘ ■ 

Pc—+m—=coi (12) 

dt 3 y 

where p c denotes the propellant density and r b the burning rate. The rate of heat 
release per unit volume q c is determined by the net effect of the endothermic 
decomposition and exothermic reaction in the condensed phase. The in-depth 
boundary conditions associated with Eqs. (11) and (12) are T — 7) and Y p — 1, 
respectively, where T, is the initial (conditioned) temperature of the propellant. 
The surface conditions require that the propellant decomposition be completed 
(i.e., Y p = 0) and T — T s . 


O. Interfacial Conditions 

The propellant regression rate and the surface conditions of temperature and 
species concentrations are determined by applying the conservation laws to the 
gas-solid interface. 1 

Mass balance for mixture: 


(Pi 0 g = -Pen 


(13) 
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Mass balance for species i : 

[p{v + Vi)Yi] g = -p c r b Y i<s (14) 

Energy balance: 

( dT \ ^ 

gyj + Pj2 Y ihi( V + Vi) 
s L ,=1 Jg 

= -A. c (^) -p c r b C c (T s -T ref ) + J2jih% (15) 

Subscripts g and s represent conditions at the interface on the gas and solid sides, 
respectively. Since molecular degradation takes place in an exceedingly thin layer, 
of the order of a few microns, the corresponding residence time is much shorter 
than that in the preheated zone, by at least an order of magnitude. 6 A quasi-steady- 
state approximation is therefore employed in determining the subsurface pyrolysis 
behavior. The net heat flux to the preheated zone can be obtained by integrating 
the energy equation for the superficial degradation layer. 7 8 


( 3T \ ( dT \ 

U — +nlQs + (Cc-C p )(T s -t s )] (16) 

\dyj c 


where Q s and f s are the net subsurface heat release and surface temperature at the 
steady-state condition, respectively. A matched asymptotic expansion technique 
similar to that derived in Refs. 9 and 10 is established to relate the propellant 
burning rate to the local heat fluxes across the superficial degradation layer: 

r 2 _ q c A c exp(— /3)/l 

rb {(k g /m)(dT/dy) g + \[Q S + ( C c - C P )(T S - t s )]}/{C c T s ) 

where fi = E a c /R U T S is the normalized activation energy. Equations (13), (14), 
(16), and (17) are sufficient to solve for the propellant burning rate and the set of 
unknowns (v, T, T,) at the propellant surface. 


E. Turbulence Closure 

A well-calibrated two-layer model 1 1,12 is used to achieve turbulence closure 
because its performance is superior to that of conventional low-Reynolds number 
k-e schemes in terms of numerical accuracy and convergence rate. This model 
employs the standard k-e two-equation approach for the bulk of the flow away 
from the wall (i.e., the outer layer) and uses the following equations for turbulent 
kinetic energy and dissipation rate: 


M = V . 

Dt 



+ n,G - pe 


2E! = v . 

Dt 


.( M + S) VE . 


£ £ 

+ C e \-p t G — C S 2 ~pe 


(18) 

(19) 
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where 


G = 2 



( 20 ) 


The eddy viscosity can be obtained from the Prandtl-Kolmogorov relation. 


H-i = 



( 21 ) 


The empirical constants in the preceding equations have standard values, with 
Ok = 1.0, o e — 1.3, C e i = 1-44, C e 2 = 1.92, and C M = 0.09. 

Unlike the low-Reynolds number treatment, which solves two turbulent trans- 
port equations all the way to the surface, the two-layer approach solves only the 
turbulent kinetic energy equation in the near-surface region (i.e., the inner layer) 
and greatly reduces the complexities associated with the stiff distributions of tur- 
bulent transport properties. The dissipation rate of the turbulent kinetic energy is 
determined by 


e = 


4 


and the eddy viscosity from 


Mr = CppVktu 


( 22 ) 


(23) 


The near-wall damping effect is modeled through specification of the length scales 

4 and l e : 


4* = C t y„ 


1 - exp 


/ Re y 25 V 

V 


4 = C t y„ 


1 — exp 



(24) 

(25) 


where Re y = \fky n / v represents the turbulent Reynolds number, with y„ standing 
for the distance from the propellant surface. The coefficient Q is given by 

C e =kC; 1 (26) 

where k is the von Karmen constant. In most cases, A + is given a value of 25, but it 
can be modified to include the effect of pressure gradient and surface transpiration. 
In the present study, an empirical correlation of A + is used 12,13 : 


5. 15{ + [5.86/ >+ /(l + 5v+)]} + 1.0 


A 


(27) 
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where 


, v w 

K = — 

(28) 

u x 


f.KN 

s* 

1 

II 

+ 

a. 

(29) 


(30) 

Ul \ to ) 


The reference velocity Uoo is chosen to be the bulk velocity for motor internal 
flows. Other constants applied here are A M = 70.0 and A c = 2 Q. 

The inner and outer layers are matched at locations where viscous effects are 
negligible, according to the following criteria. 12 First, the minimum y + for these 
matching points must be greater than 120. Second, the local turbulent Reynolds 
number Re y must be larger than 200 in strong turbulent regions. The exponential 
terms in Eqs. (24) and (25) for the length-scale relations have values close to zero 
at the matching point. 


F. Turbulence/Chcmistry Interaction 

The reaction rates &>, in the species-concentration equations need to be modeled 
to capture the effect of turbulence on chemistry. Peters 14 examined the problem 
of turbulence/chemistry interactions for premixed flames in terms of three nondi- 
mensional parameters, viz., turbulent Reynolds number Re , , turbulent Damkohler 
number Da, and turbulent Karlovitz number Ka, as defined in Ref. 1 2. If chem- 
ical reactions proceed at rates lower than those of turbulent mixing {Da < 1), 
and the flame stretch is strong enough to cause penetration of small eddies into 
the flame zone {Ka > 1), then the flame structure can be locally modeled as 
a well-stirred reactor. Tseng and Yang 12 indicated that, for the combustion of 
homogeneous double-base propellants, the condition of Da < 1 and Ka > 1 
is always satisfied throughout the flame region. Under this situation, turbulence 
rapidly penetrates into the flame zone through enhanced mass transfer, leaving 
chemical reactions as the rate-controlling processes. No direct interactions be- 
tween turbulence and combustion occur in this regime. Accordingly, the reaction 
rates are computed based on the relations for laminar flows as described in Ref. 1 . 
The preceding observation offers a satisfactory explanation about the accuracy 
of the present analysis in predicting the burning rate, although no direct cou- 
pling between the turbulence and combustion was included in the reaction rate 
formulae. 


G. Boundary Conditions 

Boundary conditions are treated carefully based on the method of characteris- 
tics to avoid spurious, nonphysical acoustic reflections. A complete description of 
the exit boundary conditions is given in Ref. 1 . Because the outflow is subsonic, 
only one physical condition needs to be specified. The remaining conditions are 
obtained by appropriately manipulating the governing and characteristics equa- 
tions, as suggested by Watson and Myers. 15 At the upstream boundary, the axial 
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velocity and gradients of pressure and vertical velocity are set to zero along the 
solid wall. The last condition is required to prevent the occurrence of a numerically 
produced recirculating flow at the head end. Finally, flow symmetry is assumed at 
the centerline. 


III. Numerical Method 

The theoretical formulation summarized in the preceding section presents a 
stringent challenge for computational efficiency, due to slow convergence and 
large round-off errors at low Mach numbers, numerical stiffness associated with 
chemical reactions, and complex coupling of physiochemical processes between 
gas and condensed phases. A brief summary of various computational problems 
encountered in the analysis of rocket-motor internal flow is given in Ref. 12. An 
implicit dual time-stepping integration method was developed and has proven to 
be quite efficient and robust for reacting flows at all speeds. 12 ' 16 The algorithm 
first employs pressure decomposition and preconditioning techniques to circum- 
vent difficulties for low-speed compressible flows, a basic requirement for treating 
acoustic oscillations in a rocket motor. A fully coupled implicit formulation is then 
used to enhance numerical stability and efficiency. The scheme has the advantage 
of achieving a high degree of temporal accuracy with only a modest increase in 
computational cost. Moreover, since the governing equations are solved implic- 
itly, the numerical method is very stable and allows the selection of the integra- 
tion time step to be dictated by the physical processes rather than the numerical 
stability. 


IV. Results and Discussion 

The combustion chamber considered herein is closed at the upstream end and 
measures 5.08 cm in height and 1.2 m in length, as shown in Fig. 1. Only the 
upper half of the volume is treated, due to symmetry of flow properties around the 
centerline. The propellant is preconditioned at an initial temperature of 300 K. The 
chamber pressure at the head end is 60 atm. The computational grid for the gas 
phase consists of 90 x 90 points in the axial and vertical directions, respectively, 
while the condensed phase is composed of 90 x 50 points in respective directions. 
The grids are clustered near the burning surface to resolve the viscous sublayer 
and the steep gradients of temperature and species concentrations there. The com- 
putational grid for condensed phase extends up to 100 ^tm into the propellant. The 
smallest grid spacing in the direction normal to the surface are 0.7 and 0. 1 gm in 
the gas and condensed phases, respectively. 


A. Steady-State Flowfield 

A steady-state flowfield is first obtained to provide an initial solution for the 
analysis of unsteady motions within the motor. Figure 2 shows the contour plots 
of Mach number, mean temperature, and turbulent kinetic energy. The Mach num- 
ber along the centerline increases almost-linearly, from 0 at the head end to 0.12 
at the exit, revealing a slowly varying mass injection-driven flow. The overall 
flame structure can be visualized by the isothermal contours. Only the portion 
close to the propellant surface is presented, to provide good spatial resolution. 
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Mach Number 



Temperature (K) 



Fig. 2 Contours of Mach number, temperature, and turbulent kinetic energy under 
steady-state conditions. 

The temperature distribution exhibits a laminar two-stage flame in the upstream 
region. The strong temperature gradient near the surface represents the primary 
flame zone, with relatively smooth variation around y = 2.5 cm characterizing 
the secondary flame. The secondary flame broadens and merges with the pri- 
mary flame in the downstream region. This spatial evolution of the flame struc- 
ture is closely related to the turbulence development, demonstrating the effect 
of turbulence on propellant combustion. The contours of turbulent kinetic en- 
ergy exhibit an increase in the turbulence intensity at x/L = 1/3, where the 
Reynolds number based on the centerline velocity is about 12,000. Compared 
with the boundary layer over a flat plate, the onset of turbulence occurs farther 
from the surface, due to mass injection by propellant burning. The location of 
the peak in turbulence intensity moves toward the surface as the flow progresses 
downstream. 

The effect of turbulence on the flame structure can be best described by vertical 
distributions of temperature and is shown in Fig. 3. The temperature field is char- 
acterized by three distinct regimes corresponding to the primary-flame, dark, and 
secondary-flame zones. The temperature at the propellant surface is about 672 K, 
and increases rapidly to 1600 K in the dark zone, where a slowdown in temperature 
increase occurs. The gas particle undergoes another rapid increase in temperature 
in the luminous flame zone, finally attaining its maximum value of 2950 K. The 
predicted flame thickness is consistent with most reported measurements under 
strand-burner conditions. 1 Compared with the corresponding laminar-flow case, 1,2 
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Fig. 3 Vertical distribution of temperature at various axial locations. 


the motor internal flow exerts almost no influence on the combustion wave structure 
in the upstream region. For the temperature development in the downstream, the 
most significant observation is that the dark zone gradually disappears. Turbulence- 
enhanced heat transfer in the dark zone facilitates reduction of NO into final prod- 
ucts at elevated temperatures. Turbulence penetrates into the primary flame zone 
and consequently alters the heat transfer to the condensed phase. This leads to 
an increase in the surface temperature and propellant bum rate in the downstream 
turbulent region as indicated in Fig. 4. The increase in burning rate due to strong tur- 
bulent crossflow near the propellant surface is termed “erosive burning.” Figure 5 
shows vertical distributions of the ratio of the turbulent eddy (jx t ) to the molecular 
viscosity (fx) at various axial locations. The peak magnitude of eddy viscosity 
ix, lies in the secondary flame zone and increases with the turbulence intensity. 
Turbulence begins to penetrate into the primary flame at a point in the downstream 
region, where the mass flow rate over the surface becomes about 700 kg/m 2 s, 
corresponding to the experimentally determined onset of erosive burning. 17 

Figure 6 shows vertical distributions of vorticity in the spanwise direction at 
various axial locations. Vorticity is produced at the propellant surface because 
the no-slip condition causes the flow to enter the chamber vertically and then 
turn to align smoothly with the axial axis. 18 Vorticity increases almost linearly 



Fig. 4 Distributions of surface temperature and burning rate along centerline. 
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Fig. 5 Vertical distributions of the viscosity ratio at various axial locations. 

in the axial direction near the burning surface. In the upstream laminar region, it 
reaches its maximum in the secondary flame zone. The peak magnitude of vorticity 
increases and its location shifts closer to the propellant surface further downstream, 
as the flame structure gets modified due to turbulence effects. For the present two- 
dimensional simulation, the vortex-stretching mechanism is absent and transport 
of vorticity is governed by viscous diffusion, volume dilatation, and baroclinicity 
resulting from the misalignment between the density and the pressure gradients. 
In the flame zone, the density varies dramatically, so that volume dilatation and 
baroclinicity become predominant and viscous dissipation gives only negligible 
contributions to the vorticity evolution. 


B. Interaction Between Acoustic Wave and Propellant Combustion 

After a steady-state solution is obtained, periodic pressure oscillations are im- 
posed at the exit to simulate a standing acoustic wave in the combustion chamber. 
The amplitude of pressure oscillation is 1 % of the mean pressure at frequencies 
of 440 and 880 Hz, corresponding to the first and second modes, respectively. 
Since the chamber is twice as long as the one used in the laminar-flow cases, the 
second-mode frequency in the present work corresponds to the first longitudinal 
mode studied in Refs. 1 and 2. Data acquisition and analysis for investigating the 



Fig. 6 Vertical distributions of vorticity at various axial locations. 
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interactions between acoustic motions and propellant combustion are conducted 
over one cycle after obtaining steady oscillations. 

1. Pressure and Velocity Fields 

The acoustic pressure field is basically one-dimensional. No discernible varia- 
tion in the vertical direction is observed, due to the low-Mach number environment 
under consideration. The oscillatory velocity field exhibits a complex multidimen- 
sional structure adjacent to the burning surface within which rapid velocity vari- 
ations arising from the interactions among acoustic disturbances, unsteady shear 
waves, flame oscillations and turbulence occur. Figures 7 and 8 show the vertical 
distributions of the magnitude and phase of the fluctuating axial velocity (n') for 
the first and second modes, respectively. The most salient feature is the wavy 
distribution with decreasing amplitude with frequency, a phenomenon commonly 
observed for nonreacting flows, as reported in Refs. 18 and 19. 

The unsteady flowfield can be characterized by three distinct types of wave 
motions, acoustic (or irrotational), vortical (or shear), and thermal (or entropy) 
waves, as follows: 

u' = u' a + u' v + u’ a (31) 

A comprehensive discussion of the acoustic and vortical wave motions in mo- 
tor environments is given in a companion chapter. 19 The acoustic velocity u' a is 



Fig. 7 Vertical distributions of axial velocity fluctuation for the first mode at various 
axial locations: a) amplitude; b) phase. 





898 


T.-S. ROH ET AL. 



Fig. 8 Vertical distributions of axial velocity fluctuation for the second mode at var- 
ious axial locations: a) amplitude; b) phase. 


directly correlated with the pressure fluctuation through the acoustic impedance, 
pc , which varies rapidly in the flame zone and is proportional to the inverse of 
\[T . The distribution of vortical velocity u' v exhibits the effect of unsteady vortic- 
ity generation and transport. The volume dilatation and baroclinicity in the flame 
zone tend to diminish the unsteady vorticity and result in decreasing amplitude of 
the shear wave. In addition, the wavelength of the vortical motion is enlarged in 
the flame zone due to the increasing wave-propagation speed resulting from volume 
diltation. u' v usually attains its maximum amplitude beyond the major heat-release 
region. The entropy velocity fluctuation u' a results from the unsteady heat-release 
distribution. Since the temperature gradient exists only in the vertical direction in 
the present configuration, the effect of entropy waves on the axial velocity fluc- 
tuation is negligible. Its influence on the vertical velocity fluctuation is, however, 
usually significant and may excite large oscillations in that direction. 20 

In the upstream laminar region, a velocity overshoot is observed near the porous 
wall, because of the shear wave produced by the no-slip condition. 18 This shear 
wave travels toward the centerline with the mean vertical velocity and is damped 
out by the viscous dissipation in the core-flow region. In the present study, the 
magnitude of the velocity overshoot near the porous wall is smaller than twice 
the centerline fluctuating velocity, as discussed in Refs. 18 and 19. This can be 
attributed to the damping effect due to strong variations of the acoustic impedance, 
in the presence of steep temperature gradients in the flame zone. In the turbulent 
regime, the shear wave is effectively damped by the enhanced momentum transfer 
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Fig. 9 Distributions of amplitude of vertical velocity fluctuation at various axial 
locations for the first mode. 

and dissipation rate, as it gets convected away from the surface. In the core-flow 
region, the amplitude of u' reaches a value of 7.01 m/s at the pressure node point 
{x/L — 0.5) for the first mode. The shear wave vanishes and the behavior of u' 
follows the isentropic relation with the acoustic pressure {p'/pc), with a phase lag 
of 90° with reference to p'. 

Figure 9 shows the vertical distributions of the amplitude of the vertical ve- 
locity fluctuation v' at various axial locations for the first mode. A logarithmic 
scale is adopted for the vertical coordinate to portray clearly the variations near 
the burning surface. The vertical velocity fluctuation is directly related to the sur- 
face burning rate, which is a function of the surface temperature. In the laminar 
region, v' varies slightly near the surface due to density fluctuation associated with 
the acoustic pressure oscillation. A simple analysis based on the calculated mass 
burning rate fluctuation yields a value of v' at the surface of about 5 mm/s. A 
substantial increase in v' occurs in the secondary flame zone due to volume dilata- 
tion across the flame. The most noticeable feature is the increase in the fluctuation 
amplitude inside the primary flame zone in the fully turbulent regime {x/L > 0.5). 
Turbulence penetrates into the primary flame and causes large temperature and 
heat-release fluctuations close to the propellant surface, altering the burning rate. 
The magnitude of vertical velocity fluctuation is about 2.5 cm/s at the surface. 
Turbulence-enhanced momentum transfer induces large v' over the entire flame 
zone. The peak magnitude is, however, smaller than the corresponding value in 
the laminar region. This can be partly explained based on the smoother temperature 
variations in the turbulent regime compared with the two-stage laminar flame. The 
unsteady mass injection into the chamber may act as a potential source driving 
combustion instability in a rocket motor, a phenomenon discussed later. 

2. Unsteady Turbulent Flowfield 

The unsteady velocity field can be decomposed into three components: the 
time-averaged (or mean), periodic, and turbulent parts. Interactions among the 
mean, periodic, and turbulent flowfields may enhance the turbulence production 
rates. 21 The effect of the periodic velocity field on the fluctuating component 
of the Reynolds stress gives rise to additional energy exchange mechanisms be- 
tween the turbulent and the oscillatory motions. 3 The enhanced levels of turbulence 
in the unsteady flowfield can be investigated by computing the fluctuating turbulent 
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Fig. 10 Vertical distributions of amplitude of turbulent kinetic energy fluctuation at 
various axial locations for the first mode. 


kinetic energy (£')> as shown in Fig. 10. In the laminar regime, k' values as high 
as 10 m 2 /s 2 are obtained in the secondary flame. These fluctuations grow in the 
turbulent region and penetrate into the primary flame, drastically changing the 
gas-phase combustion dynamics. Although acoustic oscillations often enhance 
turbulence intensity through their interactions, turbulence tends to dissipate orga- 
nized flow motions due to its induced eddy viscosity. The low value of fluctuating 
axial velocity (u r ) near the propellant surface in the upstream region could be 
due to the acoustic wave-induced turbulence and its ensuing increase in the eddy 
viscosity. 

3. Temperature Field and Heat-Release Distribution 

The oscillatory combustion mechanism was investigated in depth by monitor- 
ing the temporal evolution of the temperature field and its associated heat-release 
distribution. Figures 11a and b show the vertical distributions of the amplitude of 
temperature fluctuation at various axial locations for the first and second modes, 
respectively. In the upstream laminar region, a large temperature fluctuation occurs 
in the luminous flame zone, where the major heat-release mechanism is associated 
with the reduction of NO species. The large activation energy of the NO reac- 
tion produces a stiff flame with a steep temperature gradient. Any small variation 
of the flame location due to local flow disturbances causes substantial oscillations in 
the temperature field. The large thermal inertia of the condensed phase restrains the 
temperature fluctuations near the burning surface, keeping the primary flame un- 
affected. Accordingly, small perturbations of the propellant surface temperatures, 
about 1 K, are obtained, consistent with the laminar-flow study. 2 In the turbulent 
regime, enhanced heat and mass-transfer rates eliminate the dark zone, giving rise 
to a less stiff flame. Turbulent mixing distributes the temperature fluctuations over 
the entire flame zone, as opposed to the concentrated peak in the thin secondary 
flame for laminar region. The increased heat input to the condensed phase leads to 
surface temperature fluctuations of about 5 K, sufficient to modify the local flame 
dynamics and ensuing propellant combustion response. 

The maximum temperature variation in the core-flow region is about 10 K, fol- 
lowing the isentropic relation with the acoustic pressure, because this region has no 
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Fig. 1 1 Vertical distributions of amplitude of temperature fluctuation at various axial 
locations: a) first mode; b) second mode. 


chemical reaction and negligibly low viscous stress. 12 The qualitative differences 
in the laminar and turbulent regimes substantially alter the heat-release fluctuations, 
which basically follow the spatial gradient of the temperature oscillations. 1 The 
vertical distribution of the amplitude of the heat-release fluctuation is shown 
in Figs. 12a and b for the first and second modes, respectively. It exhibits two 
peaks with a phase difference of about 180° in the luminous flame zone, a phe- 
nomenon commonly observed for flames with steep temperature profiles in laminar 
flowfields. 1,2 The heat-release fluctuations are significantly suppressed by turbu- 
lence in the secondary flame and enhanced in the primary flame, altering the motor 
stability behavior. 

4. Rayleigh ’s Criterion 

The effect of heat release on motor stability characteristics can be investigated 
using Rayleigh’s criterion, 22 which determines the conditions for driving or sup- 
pressing flow oscillations when thermal energy is added (or subtracted) periodi- 
cally to (or from) the acoustic field. This can be investigated by calculating the 
Rayleigh’s parameter ( p'q '), a time-averaged quantity of the product of acous- 
tic pressure and heat-release fluctuation over one cycle of oscillation. Figure 13 
shows the vertical distribution of Rayleigh’s parameter for the first and second 
modes. The transient response of the condensed phase qualitatively modifies the 
time evolution of local heat release, despite its limited effect on the magnitude of 
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a) 




Fig. 12 Vertical distributions of heat-reiease fluctuation at various locations: a) first 
mode; b) second mode. 


heat release in the laminar flow region, as observed in our previous work. 2 For both 
modes, the net value of ( p'q ') is positive, indicating potential to drive unsteady 
motions within the motor. In the turbulent regime, the magnitude of {p'q') is signif- 
icantly reduced. Turbulence suppresses the local flow oscillations in the gas-phase 
due to enhanced mixing. Unlike laminar flows, the primary flame plays a decisive 
role in motor stability characteristics in the turbulent regions. 


5. Propellant Combustion Response 

In addition to the fluctuations in gas-phase heat release, periodic mass addition to 
the chamber is capable of providing the energy needed to support large-scale pres- 
sure oscillations within a rocket motor. In this regard, calculations were made to 
determine the fluctuations of propellant surface temperature and mass burning rate. 
Figures 14a and b show the evolution of temperature fluctuations in the condensed 
phase for the first and second modes, respectively. The temperature fluctuations in 
the upstream region follow the distribution obtained for laminar flows, 2 indicat- 
ing pressure-coupled combustion response. Large surface-temperature fluctuations 
around 5 K, are, however, observed in the turbulent region with significant pene- 
tration of the thermal wave into the condensed phase. The penetration depth S p of 
the thermal wave decreases with increasi ng freq uency and can be estimated us- 
ing a simple dimensional analysis, S p = v l a p Jf, where a p stands for the thermal 
diffusivity of propellant. 
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Fig. 13 Vertical distributions of Rayleigh’s parameter at various axial locations: 
a) first mode; b) second mode. 




Axial Coordinate, m 

Fig. 14 Time evolution of temperature fluctuation in the condensed phase: a) first 
mode; b) second mode. 
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Fig. 15 Axial variation of burning rate fluctuations for the first mode: a) amplitude; 
b) phase. 




Fig. 16 Axial variation of burning rate fluctuations for the second mode: a) ampli- 
tude; b) phase. 
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To analyze the propellant combustion response to the gas-phase flame dynamics, 
the distributions of the amplitude and phase of the normalized burning-rate fluc- 
tuations (m' / th) for the first and second modes are presented in Figs. 15 and 16, 
respectively. The phase of m' is obtained relative to the pressure fluctuations at the 
head end. To facilitate discussion, the amplitude and phase of the pressure-coupled 
propellant response to the imposed acoustic standing wave are also included. The 
magnitudes of buming-rate fluctuations at the head end are 2.6 and 2.3% for the 
first and second modes, respectively. For the first mode, the pressure and mass 
burning rates are in phase in the first half of the chamber and go 180° out of phase 
farther downstream. Turbulence drastically alters the gas-phase flame dynamics 
through its influence on flow motions and, consequently, modifies the propellant 
burning rate. Distributions of the magnitude and phase indicate that the propellant 
response is largely pressure-coupled in the upstream laminar region. Effects of 
velocity coupling and turbulence become significant in the downstream region. 
The condensed phase behaves as an oscillating piston feeding energy through un- 
steady mass addition and can be a potential mechanism driving unsteady motions 
within the chamber. 


V. Conclusions 

Interactions between acoustic waves and transient combustion response of a 
double-base homogeneous propellant in a rocket motor have been analyzed. The 
combined influence of turbulence and acoustic motions on the coupling between 
gas-phase flame dynamics and condensed-phase physiochemical processes is 
investigated in depth. The luminous secondary flame expands and eventually 
merges with the primary flame, due to turbulence-enhanced energy transport, mod- 
ifying the combustion wave structure significantly. Turbulence penetrates into the 
primary flame zone and smears out the oscillatory behavior of the shear wave, com- 
pared with the laminar flowfield. Large oscillations in heat release and temperature 
close to the propellant surface increase the burning rate and surface temperatures 
downstream. Based on Rayleigh’s criterion, the primary flame plays a key role in 
determining the motor stability behavior in the turbulent environment. The pro- 
pellant combustion response is pressure dominant in the upstream laminar regime 
and becomes velocity-coupled in the fully developed turbulent region. 
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Nomenclature 

= mean radial acceleration 
= composite parameters 

= burning rate augmentation parameter in empirical formulas 
= gravitational acceleration 
= chamber pressure 
= correlation coefficient 
= average burning rate 
= time 

= onset time of burning 
= end time of burning 


Subscripts 

0 = condition without radial acceleration 

a = condition with radial acceleration a 


I. Introduction 

S PIN is often employed for attitude stabilization of upper stage launch vehi- 
cles, tactical missiles, and gun-launched rocket-assisted projectiles (and base 
burners). Unfortunately, the deflagration rate of solid propellant is modified in an 
acceleration field, 1-7 becoming an orthotropic dyadic, 4 - 8 which greatly increases 
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surface regression difficulties. Moreover, when metal additives are present, they 
are partially retained, altering burning rate and burning surface texture (the effects 
are dependent upon distance burned), increasing the insulation’s thermal load, and 
reducing performance. In addition, moment of momentum relative to the spin axis 
is imparted to combustion products departing the burning surface, thereby altering 
port flow and nozzle characteristics. 9 The aggregate of these effects complicates 
motor development 10, 1 1 and requires knowledge of acceleration-augmented defla- 
gration characteristics. 

High-speed cinephotography, 12 and terminated burnings 4,12 have identified lo- 
calized metal additive agglomerate deflagration interactions as the governing mech- 
anism in the acceleration-augmented deflagration of metallized propellants. The 
localized nature of the interaction and the agglomerate’s mass alter the burning 
surface’s topography. The portion beneath the agglomerate bums at an augmented 
rate, whereas the remainder (pit walls) seem to bum at the base rate. Because 
this complex topography cannot be adequately characterized, it is implicitly as- 
sumed that the local burning surface is smooth and regressing uniformly at the 
augmented rate (the rate observed in quasi-steady tests). This assumption is use- 
ful for quasi-steady deflagration; it is not useful for dynamic situations where the 
complex burning surface topography and the multiplicity of local burning rates 
could be significant. Unfortunately, nothing is currently known about the oscil- 
latory response of acceleration-augmented heterogeneous propellant deflagration, 
although Greatrix 13 has made some interesting projections. The distance burned 
effect is associated with the agglomerates’ increasing mass and changing shape. 
Crowe’s unified model 14 provides qualitative functional relationships among burn- 
ing rate augmentation, base burning rate, acceleration level, and pressure for the 
initial and final stages of this process. (See King’s review of modeling efforts. 15 
Greatrix’s model, which considers neither explicit Al/deflagration interactions 
nor distance burned dependency, is the only postreview effort; it seems most ap- 
plicable to nonmetallized composite propellants. 17 ) 

The mechanism for acceleration-augmented deflagration of nonmetallized pro- 
pellants is more complex, and has not yet been adequately modeled [the results of 
Boggs et al. 18 suggest that acceleration augmentation effects in pure ammonium 
perchlorate (AP) are opposite to those in an AP composite propellant], although 
Davis et al. 17 have found that the Greatrix/Gottlieb model correlates Broddner’s 19 
high acceleration level data and extrapolates the effects to similar formulations. 

The objective of this chapter is to briefly describe our experimental apparatus 
and data-reduction procedure, and then present results for systematic formulation 
changes for 0 < a < 60 g. 


II. Experimental Apparatus 

A variable speed dc motor drives the spin test apparatus fitted with a subscale 
test motor. Therefore, the acceleration vector is normal to the grain’s bore surface 
and parallel to the end surfaces. Consequently, augmented burning is expected 
only on the bore surface 4 The subscale test motor’s basic parameters are 1) motor, 
overall length 239 mm, outside diameter 90 mm; and 2) CP grain, outside diameter 
80 mm, inside diameter 56 mm, length 146 mm, mass about 650 g (burning on 
bore and end surfaces). 

The pressure instrumentation is strain gauge type. Electrical connections to the 
spinning motor are through slip rings, and digital data that include motor pressure 
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and rotational speed are acquired with an ADC equipped microcomputer. Thrust 
is not measured. 

Subscale motors were chosen over strands because 1) a mass balance can be 
employed to estimate instantaneous mass burning rates; 2) Broddner’s results 19 
for nonmetallized propellants at high acceleration levels demonstrate that this 
approach is more reliable than strands (contrast Broddner’s results with those of 
Sturm and Reichenbach 20 for strands); and 3) hardware continuity is preserved 
with conventional ballistic characterizations. 

In a typical test, firing the motor is brought to the proper spin rate and ignited, and 
data are recorded. After the propellant burnout, the motor is disassembled and the 
retained residue photographed and otherwise examined. Errors in the time-mean, 
radial burning rate measurements were estimated at less than 2%. 


III. Data Reduction 

Time-mean burning rates were computed from the expression 


The web was determined from pretest measurements. The onset of burning t\ was 
defined as the time of the first maximum in dp/dr after sustained pressure rise; 
the end of burning ti was determined by the tangent bisector method. 

Time-mean chamber pressure was computed from the expression 


p _ total pressure impulse 
h — h 

When the changes of nozzle throat area and characteristic exhaust velocity and 
the effect of end surface burning are ignored, the instantaneous burning rate can 
be estimated from a mass balance as 


m = 


p(t) * web 

total pressure impulse 


(3) 


The instantaneous chamber pressure p(t) corresponded to the instantaneous burn- 
ing rate r(t). In this study, each listed datum is generally an average value of results 
for three tests. 


IV. Experiment 

Table 1 presents the propellant formulations examined. Data from each formu- 
lation came from a single mix, all tests were conducted at 20 ± 1°C, the average 
chamber pressure of all tested formulations at zero-acceleration condition was 
5.0 ± 0.2 MPa, except formulation 3. 


V. Results and Discussion 
A. Acceleration Effects: Baseline Formulation 

The baseline propellant in the present study is formulation 1 of Table 1 . The 
corresponding pressure histories are presented in Fig. 1. The propellant burning is 
essentially neutral at the zero-acceleration condition, and, as expected, no residue 



Table 1 Propellant formulations 


Formulation 

Solid 

content, 

% 

A1 

content, 

% 

A1 

size, 

fim 

AP 

content, 

% 

AP (250 fimJ 
120 /rm/10 /ttm) 
fraction ratio 

RDX 

content, 

% 

TB 

content, 

% 

GFP 

content, 

% 

to, 

mm/s 

fit. 

MPa 

1 

85 

17 

24 

68 

2/2/1 

0 

0 

0.08 

7.66 

5.06 

3 

85 

17 

5 

68 

2/2/1 

0 

0 

0.08 

8.56 

5.27 

4 

80 

12 

24 

68 

2/2/1 

0 

0 

0.08 

5.56 

4.93 

5 

85 

12 

24 

73 

2/2/1 

0 

0 

0.08 

8.27 

5.05 

7 

85 

2 

24 

83 

2/2/1 

0 

0 

0.08 

8.72 

4.85 

8 

85 

17 

24 

68 

5/2/1 

0 

0 

0.08 

6.83 

5.01 

10 

85 

17 

24 

68 

2/2/1 

0 

1.5 

0 

6.66 

5.10 

11 

85 

17 

24 

48 

2/2/1 

20 

0 

0.08 

6.52 

4.99 

13 

85 

0.5 

24 

84.5 

2/2/1 

0 

0 

0.08 

8.86 

5.06 

14 

85 

17 

24 

68 

2/2/1 

0 

0 

1 

10.37 

5.06 
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time, s 


Fig. 1 Time history of chamber pressure; baseline formulation. 


retention is observed. There are melted aluminum or alumina globules near the 
burning surface following ignition, but they are quickly swept away by burning gas. 
However, as the spin rate increases, the pressure history initially becomes increas- 
ingly progressive due to retained aluminum agglomerates and increased burning 
surface from pitting. Because agglomerate mass is increasing with distance burned 
but flattening, however, the remainder of the pressure history represents a complex 
tradeoff between orthotropic grain regression and the transition of the augmented 
burning phenomena from pit to puddle phases. Figure 1 and the estimated burning 
rate history shown in Fig. 2 also indicate that, with increasing acceleration, the 
burning time will shorten, and instantaneous chamber pressure and burning rate 
augmentation will increase. 

Acceleration effects for the baseline formulation are illustrated in Table 2 in 
terms of the time-mean burning rate. Table 2 shows the following: 

1) There is no acceleration effect for the baseline formulation when the accel- 
eration is less than 8 g, but there is a threshold value between 8 and 25 g where 
acceleration augmentation occurs. 



Fig. 2 Time history of propellant burning rate augmentation; baseline formulation. 
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Table 2 Mean acceleration effects: baseline formulation 


a (g) 

8 

25 

40 

60 

r„/r 0 “ 

1.0 

1.10 

1.30 

1.47 

PJPo b 

1.0 

1.07 

1.12 

1.40 

Sensitive time (ms) 


180 

53 

36 

Ignition delay (ms) c 


65 

57 

62 


a ro = 7.66 mm/s. b Po = 5.06 MPa. c Static ignition delay = 63 ms. 


2) When the acceleration level is above the threshold, the average burning rate 
and average chamber pressure are higher than their static values, and increase 
with increasing acceleration level. Also, the average chamber pressure augmen- 
tation is less than the average burning rate augmentation in the same subscale 
motor. 

3) The sensitive time (defined as the time corresponding to a burning rate aug- 
mentation up to 1.05) decreases with increasing acceleration level. 

4) There is no acceleration effect on ignition delay. 


B. Influence of Aluminum Content 

To investigate the influence of aluminum content, the aluminum and oxidizer 
contents were changed while holding the total solids and other formulation com- 
ponents constant. Table 1 shows that formulations 1, 5, 7, and 13 contain 17, 12, 
2, and 0.5% Al, respectively. Results for these formulations are shown in Fig. 3, 
and can be summarized as follows: 

1) The average burning rate augmentation and the amount of aluminum or alu- 
minum oxide agglomerates retained close to the burning surface decrease with 
decreasing aluminum content for hydroxy-terminated polybutadiene (HTBP) pro- 
pellants containing from 17 to 0.5% Al content. 

2) The combustion characteristics of the HTPB propellant with 0.5% Al content 
are insensitive to acceleration for 0 < a < 60 g. 



Fig. 3 Influence of aluminum content on burning rate augmentation. 
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Fig. 4 Influence of aluminum particle size on burning rate augmentation. 


C. Influence of Aluminum Particle Size 

Formulations 1 and 3 of Table 1 were studied to evaluate the influence of alu- 
minum particle size. Formulation 1 contains 17% A1 with a weight-mean diameter 
of 24 |xm, and formulation 3 contains 17% A1 with a weight-mean diameter of 
5 nm. The other elements of the compositions are identical. Results shown in Fig. 4 
indicate that the smaller the aluminum particle diameter, the smaller the burning 
rate augmentation. Because finely powdered aluminum leads to static burning rate 
increases of these propellants, agglomerate retention is reduced by reducing A1 
particle size. 


D. Influence of Solid Content 

The solid content, defined as the total amount of aluminum and oxidizer, for 
formulations 1,4, and 5 of Table 1 are 85, 80, and 85%, and their Al/AP contents are 
17/68%, 12/68%, and 12/83%, respectively. Results presented in Fig. 5 show that 
average burning rate augmentation is increased when solid content is reduced by 
decreasing either A1 or AP content. This occurs because increasing binder content 
aids agglomeration of aluminum/aluminum oxide near the burning surface. 11 For 
example, at the radial acceleration of 60 g, the burning rate augmentation. r a /r 0 , 
reaches 1.89 for formulation 4. However, for formulations 1 and 5, r„/ro are 1.47 
and 1 .28, respectively. 


E. Influence of Oxidizer Particle Size 

Formulations 1 and 8 in Table 1 contain 68% trimodal 250/120/10 /rm AP, 
but the ratios are 2/2/1 and 5/2/1, respectively. Therefore, the weight-mean AP 
diameter is 150 fi m for formulation 1, and 188 fim for formulation 8. They are 
used to investigate the influence of the oxidizer particle size. Results in Fig. 6 show 
that the larger the weight mean diameter, the greater the burning rate augmenta- 
tion. The reasons are as follows: 1) the coarser oxidizer reduces static burning 
rate, thereby reducing the velocity of the debouching gases and increasing A1 re- 
tention, and 2) according to Cohen’s pocket model, 21 pocket size and therefore 
agglomerate size, increases with oxidizer particle size. Consequently, as oxidizer 
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Fig. 5 Influence of solid content on burning rate augmentation. 


particle size increases, agglomerate size increases, whereas the gas velocity to 
carry the agglomerates away decreases, and so A1 retention and rate augmentation 
increase. 


F. Influence of Oxidizer Type 

In Table 1 , formulation 1 contains 68% AP oxidizer and formulation 1 1 contains 
48% AP and 20% RDX oxidizers. These formulations are used to define the 
influence of the oxidizer type. Results presented in Fig. 7 show that replacing 
AP with RDX increases average burning rate augmentation. The slab motor tests, 
however, did not reveal this change. 6 



Fig. 6 Influence of oxidizer particle size on burning rate augmentation. 
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G. Influence of Static Burning Rate 

Adding burning rate modifier to a propellant is an important method of modify- 
ing the static burning rate of the propellant. In Table 1, formulations 1, 10, and 14 
contain 0.08% GFP, 1.5% TB, and 1% GFP burning rate modifiers, respectively. 
Their static burning rates at chamber pressure 5.06~5.10 MPa are 7.66, 6.66, and 
10.37 mm/s, respectively. These formulations are used to investigate the influence 
of the static burning rate. The testing results are illustrated in Fig. 8, showing 
that the average burning rate augmentation increases with decreasing static burn- 
ing rate. The reason for this is that the lower the burning rates, the smaller the 
aerodynamic drag of the combustion gases at the same acceleration level; the ag- 
glomerates retained close to the burning surface of propellant with lower static 
burning rate are removed with more difficulty. Therefore, the acceleration effect 
is more obvious. 
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Table 3 Influence of static pressure: 
baseline formulation 


ft, 

MPa 

ro, 

mm/s 


r a /r 0 


25 g 

40 g 

60 g 

5.06 

7.66 

1.10 

1.30 

1.47 

5.67 

8.08 

1.12 

1.27 

1.44 

8.83 

9.28 

1.19 

1.36 

1.51 


When the acceleration level is lower than the threshold value of the propellant, 
the aerodynamic drag of the combustion gas is the dominant of the two forces 
acting on the agglomerates. Under this condition, there is no acceleration effect. 
Figures 3-8 indicate that, for all of the formulations in Table 1 , the acceleration 
threshold values are above 5 g, and this value (unequal) for different formulations 
increases with decreasing acceleration effect of the formulation. For example, the 
acceleration threshold value of formulation 7 is above 25 g. However, when the 
acceleration level ranges from the threshold value to certain value, the centrifugal 
force resulting from the acceleration becomes dominant. Under this condition, 
the average burning rate augmentation increases with increasing acceleration level 
(see Figs. 1-8). 


H. Influence of Static Pressure 

To determine the influence of static chamber pressure, three groups of tests at 
5.06, 5.67, and 8.83 MPa were conducted in acceleration fields from 0 to 60 g. 
Results are listed in Table 3, and show that the influence of pressure level on 
the average burning rate augmentation is small and somewhat anomalous for the 
baseline propellant when 5 < P <9 MPa and 0 < a < 60 g. 

Analysis of these data discloses that the average burning rate augment- 
ation for these formulations are linearly related to Crowe’s composite variable: 
Bi(Bi = [ft -«]°' 25 /ro) and = [ft -«]°' 25 / r o)- Table 4 shows that every 


Table 4 Empirical correlation parameters for 
burning rate augmentation 


Formulation 

r a /r 0 

= £1 * S, 

+ ft 

r a /r 0 

= £ 2 * b 2 

+ ft 


ft 

R 

e 2 

f 2 

R 

I 

3.443 

-0.403 

0.999 

2.508 

-0.009 

0.998 

3 

1.678 

0.353 

0.958 

1.492 

0.427 

0.970 

4 

2.774 

-0.154 

0.997 

1.971 

0.222 

0.997 

5 

2.426 

0.041 

0.977 

2.083 

0.176 

0.988 

7 

0.183 

0.934 

0.984 

0.170 

0.937 

0.985 

8 

3.402 

-0.368 

0.999 

2.483 

0.017 

0.999 

10 

3.351 

-0.575 

0.999 

2.770 

-0.340 

0.999 

11 

2.677 

-0.006 

0.999 

1.920 

0.310 

0.999 

14 

2.325 

0.297 

0.999 

1.979 

0.410 

0.999 



ALUMINIZED HTPB/AP PROPELLANTS IN ACCELERATION FIELDS 917 


Table 5 Comparison of predicted and measured burning rate augmentation 


Acceleratior 
Formulation g 

r a /ro 

Pa, 

MPa 

Threshold value, g 

Predicted 

Measured 

Predicted 

Measured 

Predicted 

Measured 

1 

50 

1.390 

1.392 

6.647 

6.531 

18.2 

8 ~25 

4 

12 

1.229 

1.215 

5.426 

5.477 

5.2 

5 

11 

12 

1.137 

1.122 

5.168 

5.334 

— 

— 

14 

33 

1.103 

1.095 

5.301 


— 

— 


formulation corresponds to two empirical equations in a 60 g acceleration field. 
Using the static burning rate ro in Table 1, the average burning rate augmentation 
and the average chamber pressure at 60 g acceleration level and 5 MPa static pres- 
sure for these formulations or similar formulations can be predicted by solving 
the corresponding equations. The acceleration threshold value also can be pre- 
dicted. Predicted results approximate the measurements. Examples are presented 
in Table 5. 


I. Residue Retention 

After the aluminized HTPB propellant combustion is completed, residue is 
retained in the chamber and the fore and aft closures. The residue mass increases 
in an acceleration field as shown in Table 6 (residue mass retained in the throat is 
small compared to above). Table 6 shows that residue mass is reduced under the 
following conditions: 1) increasing static burning rate, 2) decreasing aluminum 
content or particle size, and 3) increasing solid content. 

Comparing formulation 11 with 1, the residue mass with AP/RDX is much 
larger than that with AP alone in acceleration fields from 0 to 60 g. It reaches 
about 5% of grain mass at 60 g. Figures 9a-9e show the interior walls of chambers 
after tests of formulation 10 at 0, 9.5, 25, 40, and 60 g, respectively. At 0 and 9.5 g, 
the residue is very small and is in the shape of powder; it is only retained on the aft 
end of chamber. However, as acceleration level increases, residue mass and size 
increase. At 60 g, the entire chamber wall is covered with residue. 


Table 6 Residue retention mass 


Residue retention 

mass acceleration, g _ ... 

— Residue retention 


Formulation 

0g 

60 g 

mass increment, g 

1 

5.3 

14.8 

9.5 

3 

1.8 

7.3 

5.5 

4 

10.5 

28.7 

18.2 

5 

6.5 

10.4 

3.9 

10 

5.7 

16.9 

11.2 

11 

12.1 

29.5 

17.4 
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~ f o 


Fig. 9 Residues on chamber wall for various accelerations; formulation 10. 


VI. Conclusions 

1) The subscale motor method can be more reliably utilized to investigate the 
combustion characteristics of solid propellants in acceleration fields. 

2) Some of the HTPB/AP/A1 propellant burning rate augmentation data could 
be correlated with Crowe’s composite independent variable for the acceleration 
range of 0-60 g in this study. 

3) For HTPB/AP/A1 propellants with A1 content more than 0.5%, acceleration 
threshold values were above 5 g , and acceleration effects increase with increasing 
acceleration. 
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4) For HTPB/AP/A1 propellants with A1 content up to 0.5%, there is no accel- 
eration effect for 0 < a < 60 g. 

5) Techniques for reducing the acceleration sensitivity of aluminized HTPB/AP 
propellant for 0 < a < 60 g are as follows: 1) increase static burning rate, 2) use 
fine particle size oxidizer and fine particle size aluminum, 3) increase solid con- 
tent, 4) decrease aluminum content when solid content cannot be changed, and 
5) decrease RDX content. 
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Chapter 3.7 


Pulsed Motor Firings 

Fred S. Blomshield* 

Naval Air Warfare Center, China Lake, California 


I. Introduction 

T HE Naval Air Warfare Center Weapons Division (NAWCWD) at China Lake 
has participated in a program to develop an improved understanding of linear 
and nonlinear combustion instability in solid propellant rocket motors. One primary 
goal of this program was to develop a systematic database of motor and stability 
data for future analysis. Earlier papers have reported on previous NAWCWD work 
on this program. 1-4 This past work will be briefly reviewed here. 

The motors fired in the past program were 12.7 cm in diameter and 170 cm 
in length. The majority were loaded with an 88% solids, reduced smoke ammo- 
nium perchlorate/hydroxy terminated polybutadiene (AP/HTPB) propellant with 
a nominal burning rate of 0.61 cm/s at 6.9 MPa. In addition, motors were fired 
that contained 1% by weight 8 /x aluminum oxide, 90 /x aluminum oxide, and 3 /x 
zirconium carbide as stability additives in place of 1% ammonium perchlorate. 
Motor pressures ranged from 3.45 to 10.3 MPa. Pressure-coupled combustion re- 
sponse measurements were made with a T-bumer at the nominal motor operating 
pressures for all propellants. 

Several motor configurations and propellant variations were included in the 
program. Twenty-three motors were fired and each motor was typically pulsed 
three times during bum. The baseline grain geometry was a six-point star in the aft 
two-thirds of the motor and a cylindrical section in the forward end. Most of these 
motors were fired using the baseline reduced smoke composite propellant and three 
were fired with propellants containing stability additives. Three motors with star- 
forward grains, one motor with a full star grain, two motors with cylindrical cross 
sections, and four half-length higher frequency motors were fired. The pulsing 
produced 10 unstable pulses (pulses that grew to a limiting oscillatory amplitude) 
and 32 stable pulses (pulses that decayed). A complete description of the motors 
can be found in Refs. 1 and 2. Table 1 summarizes the data produced by these 
motor firings. Table 2 shows the differences among the propellants for these firings. 


This material is declared a work of the U.S. Government and is not subject to copyright protection 
in the United States. 

‘Head, Propulsion Research Branch, Research and Technology Dept. 
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Table 1 Motor test matrix for past program (actual pulse amplitude determined by extrapolated back to zero time 2 ) 



NWR 

Pulse no. 1 

Pulse no. 2 



Pulse no. 3 


Test Pave, 

propellant Time, 

Web, 

Pulse, 

a. Time, Web, Pulse, 

<*, 

Time, 

Web, 

Pulse, 

Of, 

no. Geometry MPa 

no. s 

cm 

kPa 

1/s s cm kPa 

1/s 

s 

cm 

kPa 

1/s 


1 

SAFT3 

5.52 

2 

SAFT3 

5.52 

3 

SAFT3 

5.52 

4 

SFWD3 

6.21 

5 

SAFT3 

5.52 

6 

SAFT3 

3.72 

7 

SFUL3 

6.21 

8a 

SAFT3 

5.52 

8b 

SAFT3 

3.72 

8c 

SAFT3 

10.3 

8d 

SAFT3 

5.52 

9 

CYL3 

5.72 


11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 


nrd b 

0.703 

0.503 

0.805 

0.566 

0.970 

0.864 

0.965 

0.660 

0.760 

0.467 

0.748 

0.640 

npf 3 

0.950 

0.559 

0.617 

0.538 

npf 3 

0.745 

0.351 


83 

-159 

97 

-112 

262 

-190 

690 

-176 

124 

-214 

262 

+639 

345 

-210 

138 

+151 

138 

+232 


2.016 

1.270 

1.708 

1.092 

1.790 

1.240 

1.962 

1.506 

npf 3 

2.005 

1.092 

OSC c 

npf 3 

2.216 

1.181 

OSC c 

npf 3 

OSC c 



248 

+209 

83 

+207 

345 

+161 

152 

+56 

48 

-102 


138 -89 


osc d 

OSC c 

OSC c — 

OSC c — — 

npf 1 — — 


3.010 

OSC c 

1.549 

41 

-75 

3.020 

1.816 

69 

+134 

3.419 

1.732 

221 

+366 


osc c 

npf 3 

osc c 
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NWR 


Pulse no. 1 


Pulse no. 2 


Pulse no. 3 


Test P a ve, propellant Time, Web, Pulse, a , Time, Web, Pulse, a. Time, Web, Pulse, a, 

no. Geometry MPa no. s cm kPa 1/s s cm kPa 1/s s cm kPa 1/s 


10 

CYL3 

4.21 

11 

0.887 

0.406 

248 

+244 

11 

SAFT6 

3.31 

lib 

2.067 

0.815 

276 

-143 

12 

SAFT6 

5.52 

lib 

1.374 

0.599 

83 

-182 

13 

CYL6 

4.00 

lib 

1.261 

0.442 

55 

-185 

14 

SFWD6 

4.55 

lib 

1.945 

0.930 

345 

-201 

15 

SAFT3 

6.48 

12 

0.948 

0.719 

1200 

-122 

16 

SAFT3 

4.96 

13 

0.824 

0.533 

359 

-232 

17 

SAFT3 

5.72 

17 

0.866 

0.579 

483 

-188 

19 

SAFT3 

10.1 

lib 

nrd b 




20 

SFWD3 

5.03 

lib 

0.984 

0.752 

110 

-193 

21 

SFWD3 

5.03 

lib 

1.012 

0.770 

290 

-251 


osc 




osc 




3.688 

1.445 

41 

-75 

5.218 

2.507 

28 

-60 

2.543 

1.102 

41 

— 247a d 

nrd b 




2.429 

0.902 

28 

nrd b 

3.445 

1.334 

28 

-71 

3.465 

1.631 

55 

-133 

4.898 

2.319 

14 

— 33a d 

1.764 

1.242 

276 

-84 

nrd b 




1.505 

0.899 

179 

-137 

nrd b 




1.660 

1.044 

317 

-75 

2.572 

1.542 

14 

— lla d 

1.817 

1.247 

14 

— 26a d 

2.767 

1.842 

14 

— 64a d 

2.167 

1.402 

28 

-81 

npf 




2.195 

1.417 

69 

-143 

3.506 

2.060 

28 

nrd b 


'npf — no pulse fired. b nrd — not reducible. c osc — oscillating. d a — weak pulse. 
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Table 2 Propellant matrix for past program 


Propellant 

no. 

Additive 

Size, /z 

Rate, 3 

cm/s 

Response, b 

R P 

Exponent, 

n 

NWR- 11 

(none) 


0.605 

1.25 

0.491 

NWR- lib 

(none) 


0.541 

2.20 

0.461 

NWR- 12 

A1 2 0 3 

8.0 

0.630 

0.75 

0.493 

NWR- 13 

ZrC 

3.5 

0.572 

0.82 

0.493 

NWR- 17 

A1 2 0 3 

90.0 

0.584 

0.79 

0.413 


“Burning rate at 6.9 MPa. b Response function at 6.9 MPa and 300 Hz. 


In this table NWR stands for Naval Weapons Research propellant. Figure 1 con- 
tains a sample ballistic pressure trace of Motor 4 from Table 1 . In this figure, a 
stable pulse can be seen around 1 s and an unstable pulse around 2 s. Numerous 
conclusions were reached from these first 23 motor firings. 


A. Pressure 

As chamber pressure is increased, the margin of linear stability decreases and 
higher pressure motors are more susceptible to pulsed instability at lower pulse 
amplitudes. The severity of the instability appears to be independent of mean 
chamber pressure. 


B. Stability Additives 

Stability additives were very effective in preventing nonlinear pulsed combustion 
instability. However, differences between different stability additives were not 
evident. Figure 1 shows how effective additives can be. In this figure, both motors 
are identical except one has 1% ZrC and one does not. In fact, the one with stability 
additive was actually pulsed harder. Stability additives suppress instabilities by 
increasing particle damping and/or reducing the propellant response over a broad 



Time - seconds 


Fig. 1 Comparison of Motor 4 without stability additive and Motor 13 with 1 % ZrC 
stability additive. 



PULSED MOTOR FIRINGS 


925 



Fig. 2 Measured and predicted star Aft 300-Hz motor alphas comparison with the- 
oretical predictions. 


frequency range. These effects reduce nonlinear instability tendencies in motors 
with additives. 


C. Stability Calculations 

Stability calculations compared very favorably with motor data, especially for 
one-dimensional, high length-to-diameter (L/D) motors without metal combustion. 
An example of this is shown in Fig. 2. It is also important to note that the margin 
of linear stability decreases with burning time. 

D. Geometry 

Motor geometry comparisons were made that indicated that a star forward ge- 
ometry was more stable than a star aft geometry. This conclusion was validated 
both experimentally and theoretically. This implies that an increase in burning 
surface area in the aft end reduces the margin of stability. In addition, the constant 
cross section geometries (full star and full cylinder) were both observed to be very 
sensitive to pulsing and resulting instabilities. 

E. Pulsing 

Pulsing motors can give quantitative data, i.e., margin of stability. Routine puls- 
ing of developmental motors is encouraged. High pulse amplitudes can excite 
instability in an otherwise stable motor. Pulsing a low-pressure motor is easier 
than pulsing a high-pressure motor, especially at low pulsing levels where the 
pulser burst pressures are similar to the motor chamber pressures. 

F. Nonlinear Effects 

Pulsing susceptibility of reduced smoke systems is related to linear, high- 
frequency combustion response characteristics. Both growth and decay alphas are 
independent of pulsing amplitude for linear but not nonlinear systems. The sus- 
ceptibility to pulsed instability increases with decreasing gas mean flow velocity. 
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Finally, the magnitude of the DC or mean pressure shift is linearly proportional to 
the limiting amplitude. 


II. Motor Firing Details 

In the design community, there has been a concerted effort to develop tactical 
solid rocket systems, which have greatly reduced plume signatures. The com- 
bustion instability of these systems is of particular concern because the metal 
oxide particles are absent that provide acoustic damping. Some of the suggested 
propellants for these systems have considerably less energy. One way to gain some 
of the performance lost is to increase the motor operating pressure. Fortunately, 
many modem rocket motors use composite cases that have excess capacity to 
support hoop stress and can handle the added pressure without a weight penalty. 
However, as indicated, some of the data generated and analysis performed during 
the course of this program indicated a possible increase in instability tendencies at 
high motor operating pressures. This was also shown in past studies. 5-10 The loss 
of particulate damping and the higher operating pressures may cause combustion 
instability to be a problem in future motors. Therefore, it was decided to fire and 
pulse additional motors concentrating on pressure effects and stability additives. 
In addition, one area where the preceding data were lacking was determining the 
actual pulsing level required to pulse a motor into nonlinear combustion instability. 
To examine this level it was decided to vary the pulse amplitude. The motor firing 
results and analysis for varying pressure, stability additive, and pulsing levels for 
10 motors fired from 1994 to 1997 are described next. 


A. Propellants 

Table 3 shows the two different formulations used during these motor firings. 
Unfortunately, these propellants differ in more than one way, making conclusions 


Table 3 Propellants 


Ingredient 

A, reduced smoke 
with additive 
(approximate 
weight, %) 

B, reduced smoke 
no additive 
(approximate 
weight, %) 

AP 

82.0 

86.5 

RDX 

4.0 


HTPB 

12.5 

13.0 

Carbon Black 

0.5 

0.5 

ZrC 

1.0 

— 

Burning Rate at 6.9 MPa 

0.678 cm/s 

0.879 cm/s 

Exponent at 6.9 MPa 

0.360 

0.392 

Response at 6.9 MPa 

1.55 

1.80 

Propellant density 

1.80 g/cm 3 

1 .72 g/cm 3 

Flame temperature at 6.9 MPa 

2713°C 

2748°C 

Speed of sound at 6.9 MPa 

1083 m/s 

1077 m/s 



PULSED MOTOR FIRINGS 


927 


about formulation effects difficult. There is one important difference, however, 
from which conclusions can be drawn. Propellant A contains 1 % of the proven 
stability additive, zirconium carbide (ZrC). In past motor firings it was difficult to 
pulse a motor containing a stability additive into instability; more on this will be 
discussed later in this chapter. 


B. Test Matrix 

Table 4 shows the testing matrix for the 10 motor firings. All motors fired in 
the program were 12.7 cm in diameter and 170 cm in length. In addition, all 
motors were typically pulsed two to three time during bum. Motors 1 and 2 both 
failed during firing. Motors 3-5 were identical except for the nozzle throat size 
that caused the chamber pressure to vary. These three used the reduced smoke 
propellant without additive, propellant B, and were full cylinder geometries. The 
purpose of these motors was to look at the effect of pressure on nonlinear pulsed 
instability. All three motors were pulsed with similar pulsing levels, three times 
during bum. Motors 6-9 were star aft motors loaded with propellant A given in 
Table 3. Motor 10 was a full cylinder motor containing propellant B. The purpose 
of Motors 6-9 was to see what effect pulsing amplitude would have on the stability 
of the motors. Motors 6 and 7 were pulsed at 5 and 3% levels at 33 and 66% of 
the web burned. Motors 8 and 9 were pulsed at 10 and 6% levels. A pulse of 
3% means that the desired pulse amplitude was to be 3% of the current chamber 
pressure in the motor. Because of uncertainties in pulsing motors, the exact desired 
amplitudes were not always obtained; this will be discussed later. To look at effects 
of increasing motor pressure, Motors 6 and 7, with the light pulses, were fired at 
mean chamber pressures of 6.9 and 10.3 MPa, respectively. Likewise, Motors 8 
and 9, with the hard pulses, had chamber pressures of 6.9 and 10.3 MPa as well. 
The Intent of Motor 1 0 was to repeat the second firing of the previous year’s motor 
firing, Motor 4, but with added instrumentation. 3 


C. Pulsers 

The standard NAWCWD pulsers were used on the firings. 1-4 By using the 
results of subscale testing and past motor firings, the pulsers were sized to give the 
desired pulse amplitude. The subscale results were scaled by knowing the motor 
volume and pressure and choosing a laboratory pulser baseline that was closest to 
the test conditions. The pulser was then fine-tuned by adjusting the charge amount 
to motor pressure, gas density, and volume conditions. 2 A schematic of the pulser 
is shown in Fig. 3. The pulser pressure gauges were used on some of the early 
motor firings and during pulser subscale testing. The final pulser parameters used 
during these tests are shown in Table 5. 


D. Instrumentation 

Each motor was instrumented with either two or three water-cooled Kistler 
211B2 piezoelectric quartz and one low-frequency strain gauge-type pressure 
transducer. Also mounted on the motor were two or three pulsers and the ig- 
niter. All data were recorded at 20,000 samples/s with a 16-bit A/D converter 
with a 10,000 Hz antialiasing filter, recorded on FM Wide Band I tape with one 



Table 4 Motor test matrix 


Motor 

no. 

Firing 

date 

Pressure, 

MPa 

Propellant 

Geometry 

Case 

hardware 

Comments 

i 

1994 

20.7 

RS with additive 

Star aft 

Light 

Motor failed 

2 

1995 

20.7 

RS with additive 

Star aft 

Light 

Motor failed 

3 

1996 

3.45 

RS 

Full cylinder 

Heavy 


4 


10.3 

RS 

Full cylinder 

Heavy 

Pressure effects 

5 


13.8 

RS 

Full cylinder 

Heavy 


6 

1997 

6.90 

RS with additive 

Star aft 

Light 

Enhanced instrumentation. 

7 


10.3 

RS with additive 

Star aft 

Light 

stability additives, 

8 


6.90 

RS with additive 

Star aft 

Light 

pulsing magnitudes, 

9 


10.3 

RS with additive 

Star aft 

Light 

and geometry effects 

10 


10.3 

RS 

Full cylinder 

Heavy 



RS — reduced smoke propellant. 
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Table 5 Pulser details 


Upstream Downstream Charge Estimated pulser Estimated pulser Estimated motor 
Motor Pulse Time, Orifice, diaphragm, diaphragm, amount, amplitude, amplitude, pressure, 

no. no. s mm mm mm g kPa % mean P MPa 


1 

2 


3 

1 

1.12 

3.66 

5.08 

5.08 

0.2 

138 

5.0 

2.76 


2 

2.15 

5.05 


5.08 

0.1 

93 

3.0 

3.10 


3 

3.13 

7.49 


5.08 

0.1 

34 

1.0 

3.45 

4 
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Fig. 3 Pulser schematic. 

channel per tape track at 60 inches per second, and recorded on multiplexed FM 
tape. The digital sample rate per channel was limited by the A/D conversion system 
by the number of signals recorded and the duration of the test. Each high-frequency 
gauge was split three ways: 1) DC-coupled data scaled to the maximum expected 
pressure of the test, 2) low-gain AC-coupled or oscillatory data that was high pass 
filtered at 80 Hz with a typical gain of two, and 3) high-gain AC-coupled data that 
was high pass filtered at 80 Hz with a typical gain of 10. The high-gain signal 
provided good resolution of low level AC signals up to several hundred psi, the 
low gain gave good resolution of higher level AC signals up to 5000 psi and the 
DC data provided a comprehensive view of the data from zero to 10,000 psi. It is 
important to note that the DC pressures obtained by the Kistler gauges are not very 
accurate because of a slight drifting of the signal with time. The AC component is 
very accurate. The strain gauge pressure transducer was used for accurate ballistic 
pressure. The Kistler amplifiers were usually set at sensitivities of either 3.45 or 
6.9 MPa/V depending on the expected pressure in the motor. Standard S-Video 
and 1600 frames/s movies were also taken of each firing at various angles. In 
addition, flash bulbs went off on the motor test stand coinciding with each pulse 
and ignition. In the figures that follow, the digital data were used and the data 
channel providing the highest resolution of the signal of interest was used. All 
transducers and data channels worked successfully although some of the high gain 
channels did saturate during oscillations. Signal saturation was expected and is the 
reason low-gain channels were also recorded. 

Motors 1-8 had two high-frequency Kistler gauges mounted in the forward 
closure. This was identical to past motor firings. 1-3 For Motors 9 and 10, three 
identical Kistler gauges were mounted along the length of the motor. The first 
was located at the forward closure, like Motors 1-8. The second was located at 
the middle of the motor and the third was located very near the nozzle entrance at 
the aft end. The middle and aft gauges were installed by drilling a hole through the 
4-cm case wall and on through the propellant. The propellant was then inhibited to 
prevent burning on the inside the hole. The purpose of these gauges was to examine 
wave structure and phase relationships of the acoustic oscillations in the motor. 
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E. Motor Failures 

The first two motors fired in the test program ended in failure. Motor 1 failed 
35 ms into the motor firing when the aft closure snap ring failed and the for- 
ward closure containing all of the instrumentation was injected, destroying all in- 
strumentation, and the pulsers, and ruining the motor firing. The instrumentation 
worked long enough to show that the motor did reach 28 MPa when the failure oc- 
curred and the two Kistler gauges recorded the drop in pressure as the closure flew 
off the motor. High-speed photography at 1000 frames/s showed the failure. Be- 
cause the failure occurred so early in bum, the pulser performance could not be 
verified. 

Motor 2 was fired in the summer of 1995. Unfortunately, the pressure exceeded 
48 MPa and explosively blew off the forward closure, all retaining hardware, 
and all pulsers and instrumentation. The structural failure of Motor 1 was caused 
by a faulty snap ring installation as described in the preceding; however, the poor 
installation may have only allowed the motor to fail at a lower pressure. The Motor 2 
firing had significant reinforcing hardware added to hold the closures on. It is now 
believed that the added hardware only delayed and made the failure more severe. 

The propellant A was initially believed to have a constant exponent up to 28 MPa. 
Unfortunately, it was later discovered that the burning rate curve at higher pressures 
was extrapolated data from low pressures. With the constant exponent curve, the 
motor was predicted to have a peak pressure of 29 MPa immediately after ignition 
and then return to a mean value of 21 MPa for the remainder of the firing. This 
pressure profile is now believed to take the propellant ballistics into a higher 
exponent region of the burning rate curve and the ballistic calculations now show 
that the motor could easily reach 41 MPa or greater. These two failures forced a 
lowering of the chamber pressures for future firings and a complete redesign of the 
motor hardware. This is why the heavy walled cases described next were fabricated. 
In addition, to minimize the ignition-erosive burning spike at the beginning of bum, 
the geometry was changed to a full cylinder configuration. 


F. Motor Hardware 

Reliable motor hardware is essential for successful firing and pulsing of motors, 
especially at higher operating pressures. Two types of motor cases and end closures 
were used, although the internal geometry of both types was identical. The differ- 
ence between the cases was the wall thickness and fastening method of the forward 
and aft closure. Although both types were very heavy duty and reusable, one is ex- 
tremely heavy duty. For the purposes of this paper, the really heavy cases that were 
20 cm in diameter with screw-on end caps to hold the nozzle and forward closure 
assemblies were called heavy weight cases; see Table 4. The smaller, 1 7.8-cm-diam 
cases with snap-ring closures at both ends were called lightweight cases. The snap 
rings proved to be unreliable at the high motor chamber pressures. In the heavy 
weight motors, the threaded end cap design allowed for much greater strength and 
reusability over the previous snap-ring installation of the forward and aft closures. 
Table 4 indicates what type of case was used with each motor fired. Both cases 
had an inside diameter of 12.7 cm with an inside length of 170 cm. Both were 
made of stainless steel. In addition, the heavy walled cases were heat-treated. The 
heavy cases are good to 70 MPa whereas the light cases are good to 35 MPa. Both 
sets of hardware were completely reusable except for the nozzle. Each assembled 
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Fig. 4 Motor geometry and forward closure instrumentation. 


motor weighed more than 230 kg and the cast propellant weight is approximately 
23 kg. The forward closure, which held the instrumentation, pulsers, steady-state 
pressure gauge and igniter, and the aft nozzle assemblies, were compatible with 
both motor designs. Figure 4 shows the internal geometry for the star aft motor 
and a schematic of the instrumentation typically used for each firing. The pulser 
pressure gauges were only used on some of the firings. 


III. Firing Results and Analysis of Motors 3-5 

Motors 3-5 were fired in the summer of 1996. The principal intent of these 
motors was to examine the effect of increasing motor pressure on pulsed nonlinear 
combustion instability. Figure 5 shows the ballistic pressure traces of the three 



Time - seconds 


Fig. 5 Ballistic pressure of Motors 3-5 compared with predicted pressure. 
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motors with the ballistic prediction (dashed line) for each motor. The predicted 
pressures followed the experimental traces fairly well until the onset of instability. 
The instability results of each motor firing will be described next. 


A. Motor 3 

Motor 3 was a low pressure 3.45 MPa motor that was pulsed three times at ap- 
proximately 25, 50, and 75% of the web burned or at 1, 2, and 3 s. Each of the pulses 
decayed rapidly and no oscillations were sustained in the motor after the pulses. 
Movies and video taken of the motor firing showed flashes in the plume during 
each pulse. In addition, there were two additional unplanned pulses because of 
debris passing out through the nozzle. The pulse amplitudes and decay rates were 
measured and will be presented along with the other motor data later in this chapter. 


B. Motor 4 

Motor 4 was a higher pressure motor whose pressure ranged from 5 .5 to 1 1 .7 MPa 
during a normal bum. It was pulsed twice, at 1 and 2 s, corresponding to 40 and 
80% of the web burned. The pulse timing was incorrectly set so that the third pulse 
was after burnout. Motor oscillations decayed after the first pulse and grew after 
the second pulse. Figure 6 shows the DC-coupled high-frequency data of the fir- 
ing. There are several interesting items shown in this figure. The first pulse, which 
decays, can be seen at around 1 s. Immediately after the decay, some tangential 
oscillations are observed. The motor is reasonably quiet until the second pulse, 
which triggers the motor into violent nonlinear combustion instability. 

Figure 7 shows the first pulse whose nonlinear peaks match the first longitudinal 
mode of the motor that is 320 Hz. There is a very interesting observation concerning 
the high-frequency content of the pulse. Besides showing the nonlinearities of the 
pulse, it also corresponds to the first tangential mode of the case near the forward 
closure. These oscillations are observed in the traces of all pulses, both decaying 
and growing. Similar acoustic content was noted by Harris et al. in a recent work. 10 
At the forward end of the motor, the propellant stops 2.5 cm short of the closure 
containing the instrumentation and pulsers. The propellant face is inhibited. In this 
region of exposed case wall, the computed tangential mode is around 5000 Hz. 



Fig. 6 DC-coupled high-frequency ballistic pressure trace of Motor 4. 
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Fig. 7 Details of pulse 1 of Motor 4. 


The first tangential mode is computed by 


Frequency = 


0.586 * (Gas Speed of Sound) 
Diameter of Chamber 


( 1 ) 


As mentioned, after pulse 1 decays, spontaneous oscillations are observed. Fig- 
ure 8 shows some details of these oscillations. Frequency analysis of the oscilla- 
tions (Fig. 9) strongly suggests that these oscillations are the first tangential mode 
occurring around the inside of the cylindrical propellant surface. The labels on the 
vertical axis represent time slices whereas the height of the peaks represent the 
amplitude of the oscillations at a given frequency. In the waterfall plot, the initial 
pulse can be seen containing many modes from the first longitudinal harmonic up 
to 7000 Hz. The pure tangential oscillations are seen next. Unlike the tangential 
oscillations noted, whose frequency is constant, these show the traditional de- 
creasing frequency shift as the oscillation progresses, from 6700 to 6400 Hz. The 
computed variation in frequency between 0.9 and 1 .3 s in burn is from 6847 to 
6357 Hz using Eq. (1) and the properties from Table 3. 

The second pulse is shown in Figs. 10 and 11. An initial disturbance grows 
from an initial pulse of around 345 to 6900 kPa in less than 10 cycles. In these 
two figures the DC component of the signal has been taken out by digitally high 
passing the data above 80 Hz. This serves two purposes: 1) the DC pressure level 



Fig. 8 Details of spontaneous oscillations after pulse 1 of Motor 4. 
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Frequency - Hz 

Fig. 9 Frequency analysis of pulse 1 and following tangential oscillations for Motor 4. 
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Fig. 10 Details of pulse 2 of Motor 4. 
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Fig. 11 Limiting amplitude oscillations of pulse 2 of Motor 4. 
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Frequency - Hz 

Fig. 12 Frequency analysis of limiting amplitude oscillations of pulse 2 of Motor 4. 

is changing very rapidly making determination about the AC component difficult, 
and 2) it eliminates some minor 60 Hz signal noise that can distort the true data. 
A frequency analysis of the violent limiting amplitude oscillations of Fig. 1 1 is 
shown in Fig. 12. The first mode of 330 Hz is the most dominant and 20 more 
harmonic modes are present. Notice the larger tangential mode peaks at around 
5000 Hz because of longitudinal mode coupling with tangential oscillations around 
the front closure. 


C. Motor 5 

Motor 5 was the highest pressure motor whose pressure ranged from 8.3 to 
13.8 MPa during a normal bum. Although the motor was scheduled to be pulsed 
three times, spontaneous tangential oscillations prevented the analysis or detection 
of any of the pulses. The motor went spontaneously unstable at around 0.5 s and, 
after some acoustic gyrations, failed at just over 1 s of the planned 2-s bum. Fig- 
ure 13 documents the probable series of events that led to failure. The oscillations 
quickly increased to 6.9 MPa peak-to-peak with a 13.8 MPa DC pressure shift. 
At this point, it is believed that the nozzle partially failed. The resultant nozzle 
assembly bounced around in the motor until it blocked the nozzle at about 0.95 s. 
The pressure then increased dramatically to 55 MPa. At this pressure the nozzle 



Fig. 13 DC-coupled ballistic pressure of Motor 5. 
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Fig. 14 Details of initial oscillations that led to Motor 5 failure. 


blockage was ejected along with the nozzle assembly and the instantaneous large 
aft end opening with 55 MPa chamber pressure caused the mean thrust of the motor 
to increase tenfold to around 400 kN. A second possible scenario that caused the 
massive overpressurization deals with the fluid dynamics of the violent tangen- 
tial mode oscillations. It is possible that these oscillations caused a “tornado” to 
form down the axis of the motor. This fluid dynamic vortex prevented the mean 
flow from escaping the motor through the nozzle because of a reduction of the 
effective nozzle diameter. The mean chamber pressure increased until the nozzle 
assembly was ejected from the motor. Like the previous scenario, the instantaneous 
large nozzle opening with 55 MPa chamber pressure increased the mean thrust of 
the motor to around 400 kN. Whatever the reason, the acoustic oscillations ex- 
ceeded 21 MPa peak-to-peak and mean chamber pressure exceeded 55 MPa. The 
excessive thrust and violent oscillatory behavior sheared the four 1 6-mm grade 
five bolts holding the motor to the test stand. The motor left the test stand and 
traveled about 150 m up over a 15-m-high earthen berm and into the surrounding 
desert. Amazingly, no damage was done to the test stand and the motor hardware 
except the forward closure and instrumentation. The motor case and end caps were 
scratched but undamaged. Figure 14 is the AC component of the oscillations and 
shows the onset of oscillations and, again, the first tangential mode was the culprit. 
Figure 15 shows the frequency analysis of the oscillations. The downward trend in 
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Fig. 15 Frequency analysis of spontaneous tangential mode oscillations of Motor 5. 
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frequency from 7000 to 6600 Hz at around 1 s is followed by an actual increase in 
frequency. This occurs when the motor pressure increases dramatically, resulting 
in increased chamber temperatures and an upward frequency shift. The peaks at 
1.1 s are because of the movement of the motor as it launched. 


D. Linear Stability 

One thrust of the overall program was to develop an improved understanding of 
nonlinear (pulsed) combustion instability. Linear stability aspects were studied on 
this program because the nonlinear (pulsed) instability of a motor is believed related 
to its linear stability. The linear stability of a motor is characterized by its expo- 
nential decay (stability) or growth (instability) of pressure oscillations as follows: 

P = P 0 e a ‘ (2) 

The rate of growth (or decay) is expressed in terms of the alpha in this equation. 
If a pressure perturbation in the motor is damped, the alpha is negative and the 
motor is linearly stable. If the perturbation excites a growth of pressure oscillations, 
the alpha is positive and the motor is linearly unstable. Nonlinear instability, on the 
other hand, deals with the response to large or finite-amplitude (nonlinear) types of 
disturbances. 5-10 Since knowledge of the linear stability was required, this facet 
of the program presented an opportunity to predict the linear stability of several 
motors and to make comparisons with linear experimental data that might be 
obtained under some test conditions. The Solid Propellant Performance computer 
program (SPP) and the one-dimensional Standard Stability Prediction computer 
program (SSP) were used to predict the motor performance and linear stability of 
the motors. 11,12 The code’s inputs include motor geometry, propellant ballistics, 
and the response of the propellant. The ballistic predictions shown in Fig. 5 were 
performed using the SPP code. Figure 16 shows the pressure coupled response of 
the two propellants given in Table 3 at 6.9 MPa as measured by the T-bumer. 13,14 
Response measurements were also made at other pressures corresponding to motor 
conditions. 

Figure 17 is a 150-450 Hz digitally band-passed, filtered trace of pulse 1 of Mo- 
tor 4; see Fig. 7. This signal is used to measure the linear decay of the fundamental 



Fig. 16 Combustion response for A and B propellants at 6.9 MPa. 
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Fig. 17 150-450 Hz bandpassed trace of pulse 1 of Motor 4. 


first longitudinal mode produced by the pulse. The top graph in Fig. 1 8 plots the 
absolute value of the filtered peaks of Fig. 17 on a log scale vs time. The slope of 
this line is the decay alpha [Eq. (2)] and can be directly compared to the stability 
predictions. The bottom part shows the frequency of the decay, 330 Hz. Table 6 
contains various parameters measured for firings of Motors 3-5, including the 
pulsing details, measured values of the decay alphas (like from Fig. 17), linear 
growth alphas, DC pressure shifts, and limiting oscillatory amplitudes. Figure 19 
compares the predicted motor stability computed by the SPP/SSP program with 
the measured experimental data given in Table 6. The comparison is surprisingly 
good. The magnitudes of the total stability alphas produced by SPP/SSP and the 
trend of the data both agree with the predicted values. This type of comparison is 
similar to that seen in past studies. 1 

There is an interesting observation worth noting about the growth rates, both of 
the first mode longitudinal oscillations in Motor 4 and in the spontaneous first mode 
tangential oscillations of Motor 5. The growth rate of both is linear. Figures 20 
and 21 show this very nicely. Figure 20 is a plot of the growth rate amplitudes, 
band-pass filtered between 150 and 450 Hz. The linear growth rate is 109 1/s. 
Figure 21 shows the same for the tangential oscillations except band-pass filtered 
between 3000 and 9000 Hz. Again the growth rate is linear and has a value of 
22 1/s. These data should be of interest to combustion instability modelers trying 
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Fig. 18 Decay alpha and frequency determination of pulse 1 of Motor 4. 





Table 6 Summary of pulse data for Motors 3-5 


Parameter 


Motor 

no. 

Pulse 

no. 

Chamber 

pressure, 

MPa 

Estimated 

pulse, 

kPa 

Pulse 

amplitude, 

kPa 

Normalized 

pulse, 

% (planned) 

Time, 

s 

Measured 

alpha, 

1/s 

DC pressure 
shift, 

MPa 

Limiting 

amplitude, 

MPa 

3 

i 

.6 

138 

345 

13.3 (5.0) 

1.09 

-129 




2 

.2 

93 

172 

5.4 (3.0) 

2.12 

-119 




2a (Injecta) 

3.2 


62 

1.9 

2.24 

-159 




3 

3.4 

34 

159 

4.7 (1.0) 

3.11 

-115 


— 


3a (Injecta) 

3.4 


28 

0.8 

3.15 

-111 



4 

1 

7.6 

345 

345 

4.5 (5.0) 

0.95 

-75 

— 



2 

10.0 

259 

345 

3.5 (3.0) 

1.89 

+109 

3.45 

9.0 

5 

Spontaneous 

9.0 




0.50 

+21 

6.9 

9.0 
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Fig. 19 Stability comparison of stable pulses for Motors 3-5. 



1.88 1.90 1.92 1.94 1.96 1.98 

Time - seconds 

Fig. 20 Growth rate of oscillations from pulse 2 of Motor 4. 
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Fig. 21 Growth rate of spontaneous tangential oscillations of Motor 5. 
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to understand the important mechanisms involved during these important initial 
periods of instability. 


E. Nonlinear Instability 

Why does the severity of the oscillations, both the nonlinear longitudinal and 
tangential, increase as the motor operating pressure is increased? Two possible 
explanations will be discussed. First, if one examines linear stability theory it is 
possible to see what driving and damping factors change as pressure is increased 
in a rocket motor. Table 7 illustrates this point; in this table are the individual terms 
that make up the linear stability prediction shown in Fig. 19 from the SPP/SSP 
linear stability computer program. 11,12 Velocity coupling is not included because 
it has a small value and varies little in magnitude. Although the driving because of 
pressure coupling decreases with pressure, the decrease in combined damping from 
the flow turning, and especially nozzle damping, more than offsets the pressure 
coupling decreases and result in a motor that has a much lower margin of linear 
stability. In fact, the 13.8 MPa motor is more than two times less stable than the 
3.45 MPa motor. It is widely held that the nonlinear stability is related to the linear 
stability. 1-10 The damping changes can be explained in large part by a smaller 
nozzle opening causing a decrease in nozzle damping and a lower mean velocity 
of the chamber flow when the motor is operated at higher chamber pressures that 
reduces the flow turning losses. 

Another approach at understanding the effect of pressure in the stability of the 
motors is examining what effect pressure has on the acoustic boundary layer and 
this interaction with the propellant response. A study undertaken by Beddini and 
Roberts analyzed the response function produced by both pressure coupling and 
oscillatory crossflow conditions (velocity response) within the acoustic boundary 
layer near a propellant surface. 15-17 Their computational results (conducted with 
several simplifying assumptions) indicated that the velocity response function is of 
a similar form to that assumed by Baum and Levine 18,19 and Levine and Culick, 20 
i.e., negligible response below a threshold velocity or pressure amplitude, followed 
by a nearly linear dependence on the absolute value of acoustic velocity or pressure 
amplitude above the threshold. The mechanism producing this response was found 
to be enhanced thermal diffusivity caused by turbulent transition of the acoustic 
boundary layer. The velocity response was found to depend on operating conditions 
such as mean chamber pressure and frequency. As mean chamber pressure was 
increased, it was found that the local acoustic pressure amplitude required to exceed 
the threshold condition decreased appreciably (Fig. 22) indicating that a motor 
that does not exhibit a local velocity response at lower chamber pressures may 
experience a significant nonlinear response (in comparison with pressure coupling) 
at elevated chamber pressures. According to Beddini, this type of response might 
require additional damping sources at elevated chamber pressures to ensure motor 
stability. 17 Figure 23 shows a representation of the nonlinear response variation 
with acoustic velocity levels at three motor pressures. The higher the pressure the 
lower the threshold velocity and the higher the response at a particular acoustic 
oscillatory level. In addition, as motor pressure is increased the mean velocity 
in the motor goes down, pushing the operating condition farther to the right and 
increasing the nonlinear response of the propellant. Increasing pulse amplitude 
will also cause an increase in the response. 



Table 7 Linear driving and damping terms as a function of pressure 


Web, 

mm 

Total alpha — 

1/s 

PC coupling — 

-1/s 

Nozzle damping- 

-1/s 

Flow turning — 

-1/s 

3.45, 

MPa 

10.3, 

MPa 

13.8, 

MPa 

3.45, 

MPa 

10.3, 

MPa 

13.8, 

MPa 

3.45, 

MPa 

10.3, 

MPa 

13.8, 

MPa 

3.45, 

MPa 

10.3, 

MPa 

13.8, 

MPa 

0.25 

-203.17 

-115.01 

-102.89 

151.91 

86.32 

77.29 

-239.07 

-135.67 

-121.51 

-113.30 

-64.21 

-57.53 

2.54 

-189.39 

-99.50 

-85.36 

143.00 

75.10 

64.42 

-224.62 

-117.88 

-101.11 

-105.99 

-55.59 

-47.68 

5.08 

-169.79 

-88.96 

-76.38 

128.86 

67.52 

57.96 

-202.22 

-105.89 

-90.90 

-95.14 

-49.79 

-42.74 

7.62 

-152.70 

-79.57 

-68.30 

1 16.42 

60.65 

52.06 

-182.51 

-95.05 

-81.59 

-85.64 

-44.58 

-38.27 

10.2 

-137.94 

-71.60 

-61.44 

105.53 

54.75 

46.98 

-165.32 

-85.76 

-73.59 

-77.41 

-40.15 

-34.45 

12.7 

-125.96 

-65.19 

-55.93 

93.15 

48.18 

41.33 

-148.17 

-76.63 

-65.74 

-70.31 

-36.36 

-31.20 

15.2 

-114.73 

-59.25 

-50.82 

85.40 

44.07 

37.80 

-135.57 

-69.97 

-60.01 

-64.08 

-33.07 

-28.37 

17.8 

-104.89 

-54.07 

-46.40 

78.51 

40.44 

34.71 

-124.42 

-64.10 

-55.01 

-58.62 

-30.20 

-25.92 

20.3 

-96.22 

-49.56 

-42.52 

72.37 

37.26 

31.96 

-114.50 

-58.96 

-50.57 

-53.79 

-27.70 

-23.76 

22.9 

-88.54 

-45.62 

-39.25 

66.89 

34.45 

29.63 

-105.67 

-54.43 

-46.82 

-49.52 

-25.51 

-21.95 

25.4 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 
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Mean Chamber Pressure, <p>/t>* 


Fig. 22 Threshold pressure amplitude vs mean chamber pressure. 

In a recent unpublished study by the author, which applied the nonlinear model 
of Levine and Baum , 1819 increasing pressure did not tend to increase a motor’s 
susceptibility to nonlinear combustion instability. However, in this study the thresh- 
old velocity was assumed zero and the nonlinear velocity coupled response was 
held constant with pressure. It is the understanding of the author that the non- 
linear velocity coupled response is a strong function of pressure and not having 
this dependence in his work yielded incorrect correlations between pressure and 
combustion instability. Unfortunately, experimental or empirical functional de- 
pendencies of threshold velocity and velocity coupling with pressure are currently 
not available, making exact nonlinear combustion instability predictions difficult. 
Experiments are needed to evaluate threshold velocities and nonlinear combus- 
tion respose to apply the nonlinear combustion motor stability models and obtain 
accurate qualitative data. 



Acoustic Velocity Level (u7u mean ) 

Fig. 23 Nonlinear response variation with acoustic velocity and motor pressure. 
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Fig. 24 Motor 6 ballistic pressure. 

The preceding discussions are not necessarily opposed to each other and in many 
cases support each other. They address the problem of instability with differing 
degrees of sophistication and emphasis. What is important is that they all indicate 
that increasing pressure can lead to more severe instability in soild rocket motors. 
It is hoped that by understanding the mechanisms that logical experiments can be 
performed and parameters can be varied to control combustion instability in motor 
systems that operate at higher pressures. 


IV. Firing Results and Analysis of Motors 6-10 

Motors 6-10 were successfully fired during the week of August 1997. Figures 
24-28 show the DC-coupled ballistic pressure of each motor. Included on Figs. 24 
and 25 are two pressure traces. One is the high-frequency DC-coupled signal 
recorded from the Kistler gauges; the other is from the low-frequency strain- 
gauge-type transducer that indicates the actual pressure level in the motor. Both 
were included to illustrate that although piezoelectric gauges yield excellent AC 
data, their DC data are not as good because of drifting of the gauge with time. 
Detailed plots shown later will indicate the true AC noise levels and show much 
greater detail of the pulses. The behavior of each motor fired is summarized next. 



Fig. 25 Motor 7 ballistic pressure. 
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Fig. 26 Motor 8 ballistic pressure. 
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Fig. 28 Motor 10 ballistic pressure. 
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Motor 6: This motor had a chamber pressure of 6.9 MPa, star aft geometry, and 
was loaded with propellant A. It was pulsed twice lightly at 3.9 and 3.1% levels (276 
and 205 kPa, respectively) and both pulses decayed, i.e., no oscillations resulted. 

Motor 7: This motor had a chamber pressure of 10.3 MPa, star aft geometry, 
and was loaded with propellant A. It was also pulsed twice lightly at 4.7 and 2.9% 
levels (442 and 220 kPa. respectively) and both pulses decayed. 

Motor 8: This motor had a chamber pressure of 6.9 MPa, star aft geometry, and 
was loaded with propellant A. This motor was pulsed hard at 9.7% or 689 kPa. 
The motor went into violent nonlinear longitudinal oscillations, i.e., the oscillations 
grew to a limiting amplitude and the chamber pressure was elevated. 

Motor 9: This motor had a chamber pressure of 10.3 MPa, star aft geometry, and 
was loaded with propellant A. This motor was pulsed hard at 10.2% or 959 kPa. 
The motor went into violent nonlinear longitudinal oscillations. 

Motor 1 0: This motor had a chamber pressure of 1 3 .45 MPa, full cylinder geom- 
etry, and was loaded with propellant B. This motor went spontaneously unstable 
before pulsing occurred and experienced large DC pressure shifts and reached 
chamber pressures in excess of 41 MPa before the nozzle insert was injected. 

Table 8 contains specifics on the pulsing results. Examining the normalized 
pulse column, it can be seen that the actual pulsing levels compare quite favorably 
with the estimated pulse amplitudes. For Motors 3-5 the pulsing agreement was 
not as good; see Table 6. Figure 29 shows the AC data for pulse 2 of Motor 6. This 
was an interesting pulse, as it appeared that the motor almost went unstable. In this 
figure, some of the dark area immediately after the pulse is probably transducer 
ringing because of the explosive pulse. Figure 30 shows the DC data for pulse 1 
of Motor 8. The pulse and resultant oscillations are nonlinear and steep fronted. In 
around 1 1 cycles, the oscillations reached a limiting amplitude of around 3.5 MPa. 
The limiting amplitude eventually increased to a value of 5.5 MPa as can be see 
in Fig. 31, showing all AC data for the Motor 8. Figure 32 shows some tangential 
oscillation detail toward the beginning of Motor 8 and marked in Fig. 3 1 . These 
oscillations are low in magnitude, but do contain frequencies and frequency shifts 
indicative of tangential oscillations. The following sections will describe some 
of the observations of the motor firings, including stability boundaries, stability 
additives, waveform shape and phase relationships, frequency content, and Motor 
10 failure analysis. 



Fig. 29 Details of pulse 2 of Motor 6, AC data. 



Table 8 Summary of pulse data for Motor 6-10 


Parameter 


Motor 

no. 

Pulse 

no. 

Chamber 

pressure, 

MPa 

Estmated 

pulse, 

kPa 

Pulse 

amplitude, 

kPa 

Normalized 

pulse, 

% (planned) 

Time, 

s 

Measured 

alpha, 

1/s 

DC 

pressure, 

MPa 

Limited 

amplitude, 

MPa 

6 

i 

7.1 

355 

276 

3.9 (5.0) 

1.0 

-125 




2 

6.6 

197 

205 

3.1 (3.0) 

2.0 

-92 



7 

1 

9.4 

535 

442 

4.7 (5.0) 

0.865 

-87 




2 

7.6 

306 

220 

2.9 (3.0) 

1.715 

-50 



8 

1 

7.1 

710 

689 

9.7 (10.0) 

1.0 


0.69 

5.52 

9 

1 

9.4 

1069 

959 

10.2 (10.0) 

0.865 


1.38 

6.90 

10 

1 

10.7 

345 


(3.0) 

0.97 


>28 

>35 
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Fig. 30 Details of pulse 1 of Motor 8, DC-coupled data. 



Time - seconds 


Fig. 31 AC-coupled data of Motor 8. 



Fig. 32 Low-level spontaneous tangential oscillations of Motor 8. 
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Fig. 33 Examples of pulsing threshold. 


A. Stability Boundaries 

One aspect looked for in past motor firings was the pulsing level required to 
trigger a motor into nonlinear instability. In Motor 6, a 3.9% pulse did not trigger 
the motor. A 9.7% pulse in an identical Motor 8 did. This behavior was repeated in 
the higher pressure Motors 7 and 9, which had 4.7 and 1 0.2% pulses, respectively. 
Figure 33 shows this graphically by comparing the steady-state gauge outputs for 
Motors 6 and 8, and Motors 7 and 9, respectively. The steady-state strain-gauge- 
type transducer does not have the frequency response and, hence, the oscillatory 
levels shown by the gauge are much lower than they actually were, as was indicated 
in Figs. 26 and 27. These gauges were used in Fig. 33 for clarity, making the 
effects much easier to see. This type of data is very hard to obtain and will be 
very valuable in gaining understanding into the physics of combustion instability. 
A qualitative knowledge of what pulsing level is required to trigger a motor into 
limiting amplitude nonlinear instability should provide insight into the mechanistic 
behavior of this form of instability. Figure 34 shows real-time photographs of 
Motors 7 and 9, taken at the same time during bum after the onset of oscillation 
of Motor 9. The difference is obvious. The bottom motor in Fig. 34 experiencing 
instability has a much brighter plume signature. 



Fig. 34 Comparison of Motors 7 and 9. 
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B. Stability Additives 

In past motor pulsing activities it was very difficult to pulse motors into nonlinear 
instability when the propellant contained stability additives. 2 Motors 6-9 in this 
study had propellants that did have a stability additive, 1 % ZrC . Motors 8 and 9 were 
both pulsed into instability with approximately 10% pulse levels. Although the 
exact propellant in the past studies was slightly different, the geometry, pressure, 
and pulse magnitudes were not. In the past studies, when the motors without 
additives did go unstable, the resulting oscillations were often very hard with 
large DC pressure shifts. In motors in this study, the oscillations were hard often 
exhibiting 5-7 MPa peak-to-peak oscillations. In some of the past motors without 
stability additives, the oscillatory levels were also near 7 MPa. However, the DC 
shifts in this study were much smaller, on the order of 1 MPa for the 6.9 MPa 
motor and 2 MPa for the 10.3 MPa motor. The past motors of similar geometry 
and operating pressure, but without stability additive, had DC shifts of 5-8 MPa. 
The presence of a stability additive may have the effect of reducing the DC shift 
once a motor does go unstable. 

The motors in the past study containing stability additives were pulsed with 
similar and sometimes stronger pulses and yet did not go unstable. Why? As men- 
tioned, one difference was the propellant, although both were AP/HTPB -reduced 
smoke propellants of similar rate and exponent, there was one important differ- 
ence. The current propellant contained 4% l,3,5-trinitro-l,3,5-triazacyclohexane 
(RDX). The presence of RDX making these motors more susceptible to pulsing is 
very speculative and more research should be performed. 


C. Waveform Shape and Phase Relationships 

By installing three gauges along the axis of the motor, it was hoped to gain insight 
into the phase, waveform shape, and frequency content of the acoustic oscillations. 
Figure 35 shows some of this detail. The onset of oscillations is shown for Motor 9 
for all three high-frequency gauges. All three gauges were mounted very close to 
the motor cavity with no loss in signal response at the 20 kHz sample rate. To 
allow more readable comparison of the signals, the middle signal in Fig. 35 has an 
artificial offset of 3 MPa psi and the aft signal has an offset of 6 MPa. The gauges all 
use the identical timescale, making phase relationships possible. It is quickly noted 



Fig. 35 Waveshape comparison for Motor 9. 
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that the aft gauge is 180 deg out of phase with the forward gauge. The middle gauge 
is 90 deg out of phase. The middle gauge also appears to have dominant harmonics 
at twice the frequency and half the amplitude compared with the forward location. 
This is expected because the oscillatory wave passes the midpoint twice for each 
cycle of oscillation. Because most of the longitudinal acoustic energy is conserved 
for a cycle of oscillation, the energy level or amplitude is half of the amplitudes at 
the ends of the motor. Also seen in this figure is the relative noise level before the 
onset of oscillations. Typical noise levels were sometimes less than 7 kPa out of 
35 MPa. 

D. Frequency Content 

The frequency content of acoustic oscillations of Motor 9 can be see in Fig. 36. 
These plots are fast Fourier transform (FFT) plots of oscillations of the motor at the 
forward, middle, and aft locations at around 2 s after the onset of pulsed instability. 
Twenty-eight harmonics of the first longitudinal mode can be seen. The second 
harmonic and subsequent even harmonics are the dominant ones at the middle 
location. Also, the level of the oscillations is roughly half that of the forward and 
aft ends. This is expected based on the observed middle pressure signal in Fig. 35. 


Forward Location 



Frequency - Hz 

Time Interval 1.95913 to 2.04077 


Middle Location 



Frequency - Hz 

Time Interval 1.95913 to 2,04077 
Aft Location 



Frequency - Hz 

Time Interval 1.95913 to 2.04077 

Fig. 36 F requency analysis comparison of Motor 9. 
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The increase in magnitude of the modes around 6000 Hz is because of coupling 
between the longitudinal waveforms and the tangential modes of the motor as has 
been discussed and shown in Figs. 8 and 9. These have been seen in past motor fir- 
ings as well. 1-4 However, the observed frequency content of the tangential modes 
at the three axial locations is different. In Fig. 36, the forward-end frequency peaks 
around 5000 Hz corresponds to the tangential mode of the case inner diameter. To 
explain this more fully, there is a 2.5-cm portion of exposed case wall at the forward 
end of the motor, which was to allow the pulses to be introduced into the motor 
chamber. The exposed end face of the propellant was inhibited. The observed fre- 
quency at the forward end is approximately the computed first tangential mode of 
the inner case diameter. Using Eq. (1), a value of 4970 Hz is computed. This mode 
remains roughly constant as the motor bums. Looking at the tangential oscillations 
at the middle shows the dominant frequency to be about 6000 Hz. This corresponds 
to the estimated frequency using Eq. (1) for the inner diameter of the motor at the 
middle. As expected, this peak does decrease in frequency as the motor bums as 
the inner diameter of the motor increases. The tangential coupling at the aft end 
(Fig. 36) is not as distinct. This may be because of effects of the nozzle and more 
dominant star geometry in the aft end; however, it is still there. The conclusion 
reached here is that the dominant nonlinear oscillations appear to couple with what- 
ever the local tangential mode happens to be along the length of the rocket motor. 
In recent work by Harris and Champlain, 21 the coupling relationships between 
various local oscillatory modes motors experiencing high amplitude oscillations 
was also reported by using very sophisticated data reduction techniques. 

Figure 37 is an FFT of the oscillations occurring before the pulse of Motor 8 
at around 0.5 s. Recalling Figs. 3 1 and 32, this time corresponds to tangential 
oscillations. It was originally thought that the tangential modes were excited by 
the pulses. However, the tangential oscillations shown here occurred without any 
apparent external stimuli. In Fig. 37, both first and second tangential modes are 
present. It is interesting to note that the second tangential mode was not observed 
when the nonlinear longitudinal oscillations occurred (Fig. 36). Finally, Fig. 38 
is an FFT of Motor 6 before any pulsing occurs, to examine what low-level os- 
cillations might be present. It shows frequency peaks near the first and second 
tangential modes. It is assumed that the multiple peaks corresponding to the first 
tangential mode around 4000 Hz are because the mode is very weak and probably 
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Fig. 37 Frequency analysis of Motor 8 from 0.1 to 0.7 s. 
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Fig. 38 Frequency analysis of Motor 6 before pulsing. 
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Fig. 40 Steady-state pressure of Motor 10. 
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Fig. 41 High-frequency data of Motor 10. 


not organized like the stronger tangential modes shown earlier in Fig. 37. Notice 
that the magnitude of oscillations is much lower than those in Figs. 36 and 37. 
The bulge around 200 Hz is believed to be caused by some 60-cycle noise causing 
peaks at 60, 120, 180 Hz, etc. 


E. Motor 10 Failure Analysis 

Motor 10 was a 10.3 MPa full cylinder with a propellant containing no stability 
additive and was to be pulsed at 5 and 3% levels. Three high-frequency Kistler 
gauges were mounted at the forward, middle, and aft end of motor. This was sup- 
posed to be a repeat of Motor 4 of the previous year in which the motor was stable 
to the first pulse and unstable to the second. The difference was enhanced instru- 
mentation with the three gauges. Unfortunately, the motor went spontaneously 
unstable at about 1 s with the first tangential mode. This was followed by a DC 
shift in pressure to 41 MPa. At this elevated pressure, the nozzle insert was ejected 
and the middle and aft gauges blew off and were lost. However, good data were 
obtained up to this point. Figure 39 is a photograph taken during the firing after 
the gauges were lost. Notice the two vertical plumes where the transducers were 
located. Despite the failure, the case will be refurbished and reused. Figures 40 
and 41 show the steady-state pressure and oscillatory pressure of the motor, re- 
spectively. Figure 42 shows an FFT waterfall plot of the entire firing. It is clearly 
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Fig. 42 Frequency analysis of Motor 10. 
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Fig. 43 Waveshape comparison for Motor 10. 

seen from this figure that the motor experienced a tangential mode, which led 
to excessive DC pressure shifts and motor failure. Examining the other two AC 
gauges mounted at the midpoint and aft end showed similar behavior except they 
had much higher oscillatory amplitudes. Figure 43 shows this behavior by plotting 
all three gauges over a very short time period. Artificial offsets were added to the 
middle and aft pressure traces to allow easier visualization of the data. Although 
the noise level is very low, the resolution of the signal is poor because of the low 
sample rate, 20,000 Hz, compared to the frequency of the mode, 6000 Hz. This is 
only about 3 points per cycle. The long-period oscillations are probably because 
of dithering of the signal because of the low sample rates. However, it is inter- 
esting to note that the magnitude of the oscillations is much higher at the middle 
and aft locations. It is assumed that this is because the tangential oscillations are 
combustion driven, and because no propellant is located very near the forward 
gauge, the oscillations are lower there. Apparently, the magnitude of the tangential 
oscillations is very dependent on the axial position in the motor. 


V. Conclusions 

The purpose of this study was to examine the stability of motors as a function 
of pulse amplitude, geometry, pressure, and propellant formulation. Ten motors 
were carefully fired and pulsed and had extensive instrumentation to characterize 
their combustion instability behavior. Several significant observations were made 
from the data. 

1) The susceptibility of a motor to go unstable with pressure was shown in a 
very clear and precise manner. As pressure was increased, it was not only easier 
to pulse a motor unstable, but also the inherent stability of the motors decreased 
with pressure. 

2) Comparisons with the predicted stability were performed with favorable 
results. Both the magnitude and trends in the data agreed with the theoretical 
predictions. 

3) Linear growth rates were observed for both the pulsed longitudinal and spon- 
taneous tangential instabilities. 

4) The triggering level was bracketed between two pulse amplitudes for two sets 
of motor firings at different pressures. 

5) The function of additives to suppress triggered instability was questioned. It 
was possible to trigger two motors that used stability additives in their propellant. 
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The motors that did go unstable showed lower than expected DC pressure shifts. 
This may be because of the additive. In addition, the DC shifts appeared to increase 
slightly as motor pressure is increased. 

6) Detailed acoustic waveform measurements were performed by mounting 
transducers at three locations along the length of the motor. It showed the expected 
phase, frequency, and amplitude characteristics as a function of axial location along 
the motor. Details of this data are available to those who need it. It should also 
be mentioned that the noise level for some of the data was less than 7 kPa out of 
35 MPa (1 psi out of 5000). 

7) Extensive frequency analysis was performed on the nonlinear, tangential, 
and background oscillations. One important conclusion reached here is that the 
dominant nonlinear oscillations appear to couple with whatever the local tangential 
modes happen to be. 

8) Detailed analysis was performed on Motors 5 and 10, which failed. It was 
concluded that spontaneous tangential oscillations caused the overpressurization 
in both motors. 

9) Another important lesson learned in this study is the destructive and poten- 
tially violent nature of a motor experiencing combustion instability. The motor 
tiedowns for Motor 5 were designed with a safety factor of 10 times the expected 
thrust of 35 kN. The actual thrust achieved reached over 400 kN, or nearly 1 2 times 
higher. The presence of instability made things even worse. If Motor 5 had merely 
failed because of nozzle blockage, without combustion instability, it is most likely 
that the motor would merely have burned to completion after ejecting the blockage. 
The thrust oscillations acted like a jackhammer to cut the retaining bolts. Motor 
tiedown hardware was redesigned with limits in excess of the absolute worst-case 
scenario. 

10) An added important result of this work has been a working knowledge 
of dealing with higher pressure motors in terms of instrumenting, pulsing, and 
fabricating motor hardware to allow detailed measurements to be made. 

It is hoped that the data provided here, and future and past data, will provide other 
researchers acoustic oscillatory data for model validation purposes and insight into 
the physical mechanisms that cause this type of combustion instability. 
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Chapter 3.8 


Transverse Waves in Solid-Propellant Rocket 
Motors: Pulse-Triggered Unstable Mode 

P. G. Harris* 

Defence Research Establishment Valcartier, Val Belair, Quebec, Canada 

and 

A. De Champlain* 

Laval University, Quebec, Quebec, Canada 


I. Introduction 

D URING the operation of solid-propellant rocket motors, the passage of ejecta 
through the nozzle will create a small compression wave that can grow into a 
large-amplitude steep-fronted wave (shock wave). This wave is usually accompa- 
nied by an increase in the time-averaged operating pressure of the motor. This type 
of instability, illustrated in Fig. 1 , is often referred to as pulse-triggered instability. 

The experimental study of pulse-triggered instability at the Defence Research 
Establishment Valcartier (DREV) began in the early 1960s with the development 
of a pulsing technique by Dickinson' to overcome the random occurrence of in- 
stability. This was followed by the foundational work of Dickinson and Jackson, 2 
Brownlee, 3 Roberts et al., 4 Roberts and Brownlee, 5 and the later work of Smith 
et al. 6 and Hughes and Smith. 7 It produced an extensive database of hundreds 
of pulsed-motor firings that characterize the effects of propellant formulation, 
propellant burning rate, initial propellant temperature, motor scale, and grain con- 
figuration. Early propellant formulations were based on polyurethane (PU) and 
ammonium perchlorate (AP). However, the work expanded with time to include 
carboxyl-terminated polybutadiene (CTPB) and hydroxyl-terminated polybutadi- 
ene (HTPB) binders. Other formulation variants included the effect of aluminum, 
burning-rate modifiers, oxidizer particle-size distribution, and binder level. The 
motors varied in size from 51 mm in diameter and 254 mm long to 432 mm in 
diameter and 4570 mm long. Grain configurations included full-length cylinders, 
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Fig. 1 Time-averaged (top) and high-frequency (bottom) pressure profiles for pulse- 
triggered instability. 


stars, arms, split cylinders, and slotted tubulars. A single grain having both a 
cylindrical and a slotted tubular cross section was also tested. 

These experimental studies illustrated a number of phenomenological trends 
concerning the behavior of pulse-triggered instability. First, the nonlinearity of 
pulse-triggered instability with respect to initiation was shown. As such, a finite- 
amplitude pulse was required for it to be triggered. Second, a correlation between 
the unstable time-averaged pressure p cus and the restriction ratio K n , similar to 
that which exists for the stable time-averaged pressure p cs , was uncovered. Third, 
regions of intrinsic stability and instability were shown to exist that could be 
expressed in terms of critical values of p cs and K n . For values of p cs and K„ below 
these critical values, a motor could not be pulsed unstably. Fourth, these critical 
values were shown to depend on motor scale, meaning that comparisons of the 
intrinsic stability of different propellants could be done only with motors with 
the same configuration. Finally, the fractional increase in time-averaged pressure 
(fraction of dc shift) and the value of the critical pressure were shown to be highly 
dependent on the stable burning rate of a propellant, slower propellants being the 
more unstable and having the lower critical pressures. 

In addition to the parametric studies at DREV, optical techniques were used with 
windowed motor firings by Brownlee and Kimbell 8-11 and Hughes and Saber 12 
to investigate the relationship between the unsteady flow and the combustion pro- 
cesses associated with pulse-triggered instability. Through these techniques, the 
existence of a traveling shock wave was confirmed and shown to be highly planar 
during downstream propagation and concave in the direction of propagation when 
moving upstream. The shock wave was shown to be followed by an attached ex- 
pansion wave and also a series of compression and expansion waves. Complete 
flow reversal was observed in the core flow region and combustion zone during 
the upstream propagation of the shock wave. Finally, increased rates of reaction 
were also observed on passage of the shock wave. 

The most recent experimental investigation of pulse-triggered instability at 
DREV was carried out by Harris and De Champlain . 13 This was part of the 
Canadian contribution to a joint international study also involving Australia, the 
United Kingdom, and the United States . 14 The U.S. experimental contribution was 
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supplied by the Aerojet Solid Propulsion Company and by Blomshield et al. 15,16 
at the U.S. Naval Air Warfare Center. This joint study was a follow-up on the ex- 
tensive experimental and theoretical investigations directed by Levine and carried 
out by the Aerojet Solid Propulsion Company and Phillips Laboratory. 17-19 

In the body of work reviewed, it was clearly demonstrated that the primary tran- 
sient waveform associated with pulse-triggered instability was a longitudinally 
propagating shock wave. However, the presence of transverse waves in the pulse- 
triggered unstable environment was also briefly mentioned. Brownlee 3 identified 
a transverse wave that grew so quickly that it actually suppressed the longitudi- 
nal shock wave. Kimbell and Brownlee 11 postulated the existence of transversely 
propagating wave disturbances based on schlieren images, although no final con- 
clusions were ever drawn. More recently, Hughes 20 attributed the catastrophic 
failure of a motor to the coupling between a radial-acoustic mode and the radial 
propellant/casing vibration driven by the passage of the shock wave. Accord- 
ing to Hughes, the propellant/casing system provided a means of transforming 
longitudinal-acoustic energy into transverse-acoustic energy. Harris et al. 21 pur- 
sued this concept in an experiment that was intended to demonstrate the effect of 
changing propellant/casing vibrational characteristics on pulse-triggered instabil- 
ity. Although interesting effects were noted, the analysis method used to reduce 
the data was not capable of clearly identifying the presence of transverse waves in 
a shock-wave environment. 

Given the primary importance of the shock wave in the study of pulse-triggered 
instability, an initial publication explored the effect of different ballistic parameters 
on pulse-triggered instability from the perspective of a longitudinal shock wave. 13 
However, continued examination of die data by use of a new analysis method 
pointed to the presence and the potential importance of transverse pressure waves. 
These waves are considered to be driven by the propagating longitudinal shock 
wave either through the conversion of longitudinal-acoustic energy to transverse- 
acoustic energy, through the movement of the propellant/casing system, or through 
gasdynamic interaction between the shock wave and the mean flow. The presence 
of these oscillations, identified here as transverse pressure waves, can be seen in 
the decay portion of the shock wave in the inset of Fig. 2. Several returns of a 



Fig. 2 Typical shock and transverse pressure waves. 
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shock wave followed by transverse pressure waves are illustrated in the main part 
of Fig. 2. 

The purpose of this chapter is the experimental demonstration of the presence, 
nature, source, and effect of transverse pressure waves in a pulse-triggered unstable 
environment. It begins with a brief discussion of the experimental test matrix. A 
description of the experimental technique follows, with particular emphasis on the 
geometry of the headend of the motor chamber. This is followed by an introduction 
to a new data analysis method used to identify the transverse pressure waves. Based 
on this method, a frequency analysis of the headend pressure signal for a sample 
motor firing is then presented, identifying the presence and the nature of transverse 
waves. Frequency analyses of data from eight sample motors of varying propellant 
formulation, grain configuration, size, and length are then used to generalize the 
discussion for the present database. This is followed by an analysis that relates the 
presence of the transverse waves throughout a firing directly to that of the shock 
wave. Finally, data are presented that suggest that for the present database, part of 
the fraction of dc shift associated with pulse-triggered instability can be attributed 
to the presence of transverse pressure waves. 


II. Test Matrix 

The original experimental test matrix for the Canadian contribution to the joint 
international study was composed of 45 full-scale motor firings, divided into 
1 1 test cases. The test cases included variations in propellant formulation, operating 
pressure, grain configuration, motor length, and motor scale. For a complete de- 
scription of the test matrix, the reader is referred to the initial paper in this series. 13 

For this paper, eight representative motor firings were selected from 7 of the 
11 test cases. Motor parameters are described in Table 1, and the time-averaged 
pressure profiles are shown in Fig. 3. The designation 0303 1-C identifies a cylin- 
drical grain with a nominal diameter of 3 in. (76 mm) and a nominal length of 
31 in. (787 mm); the experiment was designed with the British system of units. 
Grain configurations SA and SB indicate two different star variations, A and B. 
The numbers in parentheses, (1), (2), and (3), identify different motors. The let- 
ters in parentheses, (B) and (C), designate propellant formulations B and C. The 
two propellants had differing particle-size distributions of AP, and propellant B 
contained 0.5% by weight of ZrSiC> 4 , a stability additive. 


Table 1 Selected firings from the experimental test matrix 


Test 

case 

Motor 

number 

Diameter, 

mm 

Length, 

mm 

Grain Propellant Reference 
geometry formulation pressure, MPa 

Reference 

K n 

2 

03031-C(B) 

64.8 

777 

Cylinder 

B 

12.4 

307.8 

3 

0303i-C(C) 

64.8 

111 

Cylinder 

C 

12.4 

307.8 

4 

03020-C 

64.8 

518 

Cylinder 

A 

12.4 

307.8 

5 

03020-SA(l) 

64.8 

518 

Star A 

A 

12.4 

307.8 

5 

03020-SA(2) 

64.8 

518 

Star A 

A 

12.4 

307.8 

6 

03020-SA(3) 

64.8 

518 

Star A 

A 

13.8 

331.4 

10 

05057-C 

119.8 

1438 

Cylinder 

A 

12.4 

307.8 

11 

05057-SB 

119.8 

1438 

Star B 

A 

12.4 

307.8 
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Fig. 3 Time-averaged pressure profiles of eight representative motor firings. 


III. Experimental Technique 

Both time-averaged and high-frequency pressure measurements were taken at 
the motor headend. The time-averaged measurements were made through one 
pressure port with two Baldwin-Lima-Hamilton strain transducers. Two Kistler 
transducers, covered with a thermal protective layer of room temperature vulcan- 
ized (RTV) silicon, 2.54 mm thick, measured the high-frequency pressure. As can 
be seen in Fig. 4, the Kistlers were positioned off the centerline of the motor head- 
end and at different azimuthal angles in order to best measure multiple modes of 
the transverse pressure waves. 

The signal from the Kistler transducers was reset at various times through- 
out a given firing (Fig. 1) to maximize resolution. The output from each Kistler 
went through a low-pass antialiasing filter before being sampled with a 12-bit 
A/D converter. The signal was filtered at 80 kHz and sampled at a frequency 
of 250 ksamples/s, thereby ensuring no aliasing in subsequent frequency analy- 
ses. Both Kistler 603B2 and 703 1 pressure transducers were used. However, only 


LOW FREQUENCY 



Fig. 4 Placement of the pressure transducers and the pulsers in the motor headend. 
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Fig. 5 Cutaway of the motor headend showing pulsers and a pulser channel. 


data from the 603B2 are presented in this paper because its resonant frequency 
(101.6 kHz) was significantly higher than that of the 7031 (74.7 kHz). 

Motors were pulsed at the headend with up to three pyrotechnic pulsers. First, 
a \% pulse was generated to evaluate the linear stability margin of the motor. The 
second pulse and, where necessary, the third pulse were of larger amplitude to 
drive the motor unstable (10% of the chamber pressure). A cutaway of a motor 
headend showing three pulsers and one of the pulser channels is shown in Fig. 5. 
The figure indicates that the pulser gases were injected into the chamber at an 
angle of 30 deg with respect to and off the motor centerline. Figure 6, an enlarged 
view of Fig. 5, shows a small cavity at the headend of the motor resulting from 
partial inhibiting of the propellant grain; a full inhibitor would have covered the 
Kistler transducers. As the propellant burned, the geometry of this cavity changed, 
as indicated by the dashed line. The significance of the orientation of the pulsers, 
the presence of the pulser channels, and the existence of the cavity created by the 
headend inhibitor are described later in this chapter. 



Fig. 6 Enlarged view of the motor headend. 
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IV. New Data Analysis Method 

The standard time-marching frequency analysis method used in the field of com- 
bustion instability is not capable of identifying transverse pressure oscillations in a 
shock environment for two major reasons. First, the harmonics of the shock wave 
tend to mask the presence of the transverse oscillations. Second, the inclusion of 
multiple cycles in the fast Fourier transforms (FFTs) obscures the transverse oscil- 
lations through the addition of artificial peaks, in the form of sidelobes, at multiples 
of the fundamental shock frequency. Consequently a new time-marching frequency 
analysis method was developed that overcame these problems. This method was 
described and evaluated in a previous publication. 22 Therefore it is presented here 
only in sufficient detail to provide the reader with a working understanding. 

The new time-marching frequency analysis method was performed in two steps, 
the removal of the shock wave from the original signal and the harmonic analysis 
of the resultant signal. The removal of the shock wave from the original signal is 
illustrated in Fig. 7. The times corresponding to the wave front of each return of 
the original signal (top trace) were first identified. These are specified in Fig. 7 
as indices. With these indices used as reference points, each shock-wave return 
was approximated with the actual shock front and a polynomial fit for the decay 
portion. This step is identified in Fig. 7 as the polynomial fit (middle trace). Finally, 
the approximation of the shock returns (polynomial fit) was subtracted from the 
original signal, leaving only the transverse oscillations (resultant signal), bottom 
trace. 

To facilitate an understanding of the harmonic analysis involved in the new 
method, it is compared in Figs. 8-12 with that of the standard one. The new 
method was based on the calculation of single-cycle FFTs of the resultant sig- 
nal. These FFTs were referenced to the indices that located the positions of the 
shock-wave fronts. This is illustrated in the bottom trace of Fig. 8. The standard 
method, on the other hand, was based on the calculation of multiple-cycle and 
overlapping FFTs of the original signal. Each consecutive FFT was advanced 
by a certain percentage of the FFT length. This is illustrated in the top trace 
of Fig. 8, where the percentage of overlap was 50% and the FFT length was 
1024 points. 
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Time (s) 

Fig. 8 Illustration of the standard and the new time-marching analyses. 

The actual signal included in a given 1024-point FFT is illustrated for the two 
methods in Fig. 9. For the standard method, the top trace, all 1024 points in the 
FFT contained the actual signal. However, for the new method, a single cycle of 
300 points of actual signal was centered in the FFT with the surrounding points 
set to zero. Both methods used a 1024-point Hanning window in the calculation 
of the FFT. 

The power of the new method is illustrated through the discussion of Figs. 10- 
12. In Fig. 10, FFTs for the two methods are compared. The figure demonstrates 
that the new method is greatly superior to the standard one in identifying transverse 
oscillations. In Figs. 1 1 and 12, contour plots of the FFT analyses are shown for the 
standard and the new methods along with the approximate variation of tangential- 
and radial-acoustic modes. The results obtained with the new method, Fig. 12, 
represent a significant improvement over those obtained with the standard one, 
Fig. 11. Individual frequencies in Fig. 12, which follow the global trends of the 
transverse modes, are readily discernible. 



Fig. 9 Calculation of FFTs according to the standard and the new time-marching 
analyses. 
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Fig. 10 FFTs calculated according to the standard and the new time-marching 
analyses. 


The new time-marching frequency analysis follows the evolution, throughout a 
firing, of the frequency content of transverse oscillations averaged over the decay 
portion of successive shock waves. As such, it is incapable of tracking the temporal 
evolution of these oscillations over the decay portion of a single shock cycle. This 
latter task is the domain of time-frequency analysis techniques. 22 


V. Transverse Waves: Presence and Nature 

Applying the new data analysis method to the resultant signals revealed that 
in all cases transverse pressure waves were present. In the following discussion, 
their presence is first demonstrated and their nature discussed through a detailed 
frequency analysis of one of the motors from Fig. 3, 03031-C(C). This analysis 
is then generalized through the presentation of results for the remainder of the 
motors in Fig. 3; these motors were chosen as representative of the trends found 
in the joint program. 



0 20 40 60 80 

Frequency (kHz) 


Fig. 11 Contour plot of the FFTs of the original signal obtained with the standard 
time-marching analysis ( , tangential modes, and , radial modes). 
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Fig. 12 Contour plot of the FFTs of the resultant signal obtained with the new time- 
marching analysis ( , tangential modes, and , radial modes). 


A. Detailed Analysis 

In this subsection, motor 0303 l-C(C) is discussed as an example of the different 
pressure waves that are present in a pulse-triggered unstable environment. As such, 
the new data analysis method was applied to the resultant signal from one of the 
Kistler 603B2 transducers in the motor headend. The resulting contour plot is 
repeated in Figs. 13-15, where it is compared with analytical approximations of 
the variation with time of the frequency of different modes of acoustic oscillation. 
The contour plot was also compared with a frequency analysis of the vibrations of 
the casing, during pulse-triggered unstable operation, of a motor similar to that of 
0303 l-C(C), Fig. 16. 

The investigation, which is described in detail in the following paragraphs, 
showed that the headend pressure transducer measured pure transverse and com- 
bined tangential-radial and transverse-longitudinal waves associated with the 
motor combustion chamber, a radial pressure wave in the combustion chamber 



Frequency (kHz) 

Fig. 13 Contour plot of the FFTs of the resultant signal for motor 03031-C(C) com- 
pared with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes 

of the combustion chamber. 
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Fig. 14 Contour plot of the FFTs of the resultant signal for motor 03031-C(C) com- 
pared with the analytical longitudinal modes for the pulser channels ( ) and the 

analytical tangential-acoustic ( ) and radial-acoustic ( ) modes of the constant 

radius inhibitor cavity. 


related to the vibration of the propellant/casing system, and various modes associ- 
ated with the geometry of the motor headend. These last modes were undesirable 
in that they tended to mask the modes of oscillation associated with the combustion 
chamber pressure, the main interest of this investigation. 

As was specified above, the contour plots in Figs. 13--15 were based on 
1024-point FFTs that contained 300 points of signal, the rest of the FFT being 
filled with zeros (see Fig. 9). Therefore the effective frequency resolution of the 
FFTs based on a 250-ksample/s sampling rate was 0.83 kHz. 

With the exception of the pulser channel, analytical acoustic frequencies were 
approximated with the solution for three-dimensional wave propagation in a closed 
cylindrical cavity with no mean flow; the pulser channel had one open end and 


0.90 
0.80 

0 . 

M 

„ 0.60 
E 

0.50 
0.40 
0.30 

0 20 40 60 80 

Frequency (kHz) 

Fig. 15 Contour plot of the FFTs of the resultant signal for motor 03031-C(C) com- 
pared with the tangential-acoustic ( ), radial-acoustic ( ) and longitudinal- 

acoustic ( ) modes of the expanding propellant cavity at the headend. 
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Frequency (kHz) 

Fig. 16 Contour plot of the FFTs of the hoop strain of a motor similar to 03031-C(C). 

therefore a different, but similar, solution was used. The circular frequency (rev/ 
time) for a closed cavity f m , n ,q is given by 

fm,n,q = («oo/2)[(a mB / R? + (q/L?f (1) 

where is the acoustic speed in the undisturbed gas, the subscripts m,n, and 
q are the wave numbers associated with the radial, tangential, and longitudinal 
modes, respectively, a mn is a constant associated with the transverse modes, and R 
and L are the radius and the length of the cylindrical cavity, respectively. Pure tan- 
gential modes correspond to m = q = 0 and n ^ 0, pure radial modes correspond 
to n = q = 0 and m^O, and pure longitudinal modes correspond to m = n = 0 and 
q ^ 0 (aoo = 0). Combined modes correspond to any two indices’ not being equal 
to zero. 

For motor 03031-C(C), 

a mn /R » 1/L (2) 

Therefore the number of possible combined transverse-longitudinal modes be- 
tween any pure transverse modes was large. The frequency differential between 
consecutive combined transverse-longitudinal modes was smaller than the ef- 
fective frequency resolution of the FFTs, 0.83 kHz. Consequently the frequency 
analysis was not capable of detecting all potential modes. 

The first eight pure tangential-acoustic and first four pure radial-acoustic modes, 
as approximated with Eq. (1), are compared in Fig. 13 with the contour plot. The 
tendency of the frequencies of the tangential and the radial modes to decrease with 
time corresponded well with the general behavior of many of the modes in the 
contour plot. However, exact frequencies were not reproduced. In addition, many 
more experimental modes were present than could be explained by pure trans- 
verse or combined transverse modes. This discrepancy implied the presence of 
combined transverse-longitudinal modes, which was consistent with the hypoth- 
esis that the presence of transverse waves throughout the firing was related to the 
longitudinally propagating shock wave. Unfortunately, the frequency resolution of 
the FFTs, 0.83 kHz, was not sufficient to determine which and how many combined 
transverse-longitudinal modes were actually present. 
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In addition to transverse-acoustic waves, Fig. 13 reveals the presence of an os- 
cillation between 10 and 20 kHz whose frequency increased with time. It was 
proposed that this oscillation was related to the radial vibration of the propel- 
lant/casing system; the frequency of vibration increased as the propellant mass 
decreased. Unfortunately, no casing vibration measurements were taken for any 
of the motors of the present experimental test matrix. Consequently a motor sim- 
ilar to 03031-C(C) was instrumented with a hoop-oriented strain transducer and 
pulsed fired. The output from the strain transducer, placed at the midpoint of the 
motor length, was analyzed, and the contour plot is included in Fig. 16. The cor- 
respondence between this contour plot and the oscillation between 10 and 20 kHz 
in Fig. 13 confirmed that the latter was related to propellant/casing vibrations. It is 
believed that the passage of the shock wave stimulates radial vibration of the pro- 
pellant/casing system, which in turn forces radial oscillation of the chamber gases. 

In Fig. 14, time-invariant acoustic modes are compared with the contour plot. 
These modes were calculated based on the particular geometry of the motor head- 
end and, in the present context, were considered as acoustic noise; they inter- 
fered with the measurement of the acoustic modes in the propellant grain cavity. 
First, eight longitudinal modes associated with the constant length pulser channels, 
Fig. 5, were calculated and plotted in Fig. 14. The correspondence between these 
modes and the contour plot indicated that the resonance of the pulser channels 
was one source of acoustic noise. Second, the first eight tangential and the first 
three radial modes associated with the constant radius cavity/step created by the 
headend inhibitor, Fig. 6, were calculated and plotted in Fig. 14. In general, there 
was very little correspondence between these modes and the contour plot. The one 
exception was the close proximity of the second tangential mode to the dominant 
line of peaks at a frequency of approximately 21 kHz in the contour plot. However, 
as will be described in the next paragraph, this line of peaks was not considered 
to be the second tangential mode of the cavity. 

Throughout motor bum, the cavity created between the propellant grain and 
the motor headend by the presence of the inhibitor, Fig. 6, increased with time 
until it reached the motor insulation. The first eight tangential and the first four 
radial modes associated with this cavity were calculated and plotted in Fig. 15. 
The close proximity of the first radial mode to the dominant line of peaks at 
approximately 2 1 kHz, in addition to the physical feasibility of a radial oscillation’s 
being stimulated by the sudden radial expansion of the shock wave into the cavity, 
suggested that the peaks corresponded to this radial mode. Longitudinal-acoustic 
modes associated with this headend cavity were also calculated and compared 
with the contour plot in Fig. 15. However, there seemed to be no correspondence 
between the two. 

B. Generalized Analysis 

The preceding analysis demonstrated the presence and discussed the nature 
of transverse pressure waves in motor 03031-C(C). However, this behavior was 
not unique. In fact, as is shown in this section, transverse pressure waves were 
continuously present in all motors from the Canadian study while operating in fully 
developed pulse-triggered unstable mode, regardless of propellant formulation, 
operating pressure, grain configuration, motor length, or motor scale. On the other 
hand, global qualitative differences in the frequency content were noted, which 
depended on these ballistic parameters. 
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Fig. 17 Motor 03031-C(B): a) contour plot of the FFTs of the resultant signal com- 
pared with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes 

of the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


For discussion of the above points, contour plots of the resultant signals for the 
eight motors in Fig. 3 and analytically calculated transverse-acoustic modes are 
presented in Figs. 17-24. It should be noted that only part of the contour plot for 
motor 03020-SA(l), Fig. 20a, was calculated for reasons that are discussed in a 
subsequent section. Also, for convenience in data interpretation in a subsequent 
section, graphs of the fraction of dc shift and normalized time-averaged pressure 
have been included along with the contour plots. 

Several unsuccessful attempts were made at quantitatively characterizing the 
different contour plots in Figs. 17-24. Therefore the following discussion is qual- 
itative in nature. In particular, six qualitative observations are presented: 

1) Transverse pressure waves were continuously present in all motors operating 
in the fully developed pulse-triggered unstable mode. However, the actual trans- 
verse modes present varied throughout motor bum. This is illustrated in Fig. 19a, 
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Fig. 18 Motor 03031-C(C): a) contour plot of the FFTs of the resultant signal com- 
pared with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes 

of the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


motor 03020-C, in which high-frequency modes, 60-75 kHz, were dominant at the 
beginning of instability, only to be replaced with lower-frequency ones, 35-60 kHz, 
at 0.25 s. 

2) A pressure wave related to the vibration of the propellant/casing systems 
was evident for the majority of the motors. In fact, as would be expected, the 
frequency for the large-diameter motors, Figs. 23a and 24a, was lower than that 
for the small-diameter ones. 

3) The frequency content for the small-diameter long cylinders. Figs. 17a and 
18a, differed from that of the small-diameter short cylinder. Fig. 19a. This dif- 
ference, which is related to motor length, was consistent with the presence of 
combined transverse-longitudinal modes. 

4) The frequency content for the small-diameter cylinders differed from that for 
the large-diameter one. Fig. 23a. In this case both the radial and the longitudinal 
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Fraction of OC Shift/Normalized Pressure 

Fig. 19 Motor 03020-C: a) contour plot of the FFTs of the resultant signal compared 

with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes of 

the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


dimensions were larger, resulting in lower- frequency pure transverse and combined 
transverse-longitudinal modes for the larger motor. 

5) The frequency content for the small-diameter short cylinder, Fig. 19, differed 
from that for the small-diameter stars, Figs. 21a and 22a. This was not surprising, 
given the three-dimensional nature of the oscillations and the drastically different 
grain shapes. Similarly, the frequency content for the large-diameter star, Fig. 24a, 
and cylinder, Fig. 23a, differed. 

6) Propellant formulation seemed to have an effect in that the frequency content 
for propellant B, Fig. 17a, was different from that for propellant C, Fig. 18a. 


VI. Transverse Waves: Source 

The presence and the nature of transverse pressure waves in solid rocket motors 
operating in pulse-triggered unstable mode were discussed in the preceding section. 
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Fraction of DC Shift/Normalized Pressure 

Fig. 20 Motor 03020-SA(l): a) contour plot of the FFTs of the resultant signal com- 
pared with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes 

of the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


However, to this point no substantial proof has been presented that relates to the 
source of these waves. This is the purpose here. 

The initial concern on the discovery of the continuous presence of transverse 
pressure waves during fully developed pulse-triggered instability was that these 
waves resulted from the pulsing technique. This was a plausible explanation, given 
that the pulser channels entered the combustion chamber at an angle of 30 deg and 
were off the centerline. Suspicion grew when analysis of the pulsing event revealed 
the dominant presence of tangential waves. However, as will be seen in the follow- 
ing analysis, the tangential waves associated with the pulsing event decayed before 
the appearance of the transverse waves identified in the preceding section. In fact, 
it is demonstrated that, after the initial pulsing event, the growth of these transverse 
waves correlated directly with the steepening of the longitudinal shock wave. In ad- 
dition, the growth of the amplitude of individual transverse modes correlated with 
that of the amplitude of the harmonics of the shock wave with similar frequencies. 
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Fig. 21 Motor 03020-SA(2): a) contour plot of the FFTs of the resultant signal com- 
pared with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes 

of the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


The pressure-time trace from the second pulse of motor 03020-SA(3) was cho- 
sen for this discussion. The original signal is shown in Fig. 25 along with its 
polynomial fit and resultant signal based on the new analysis method. Nineteen 
shock returns were included, with the pulsing event identified as return 0. FFTs of 
the polynomial fit (shock returns without transverse waves) and the resultant signal 
(transverse waves without shock returns) were calculated and the results for returns, 
0, 3, 5, 7, 10, and 16 were included in Figs. 26 and 27, respectively. In addition, the 
frequencies associated with the pure transverse-acoustic modes, as calculated with 
Eq. (1), were included as points of reference in Fig. 27. The returns were chosen 
because they represented the pulsing event (0), the region of low growth rate of 
the shock (3, 5), the beginning of the region of high growth rate (7), the region of 
high growth rate (10), and finally the region where growth leveled off (16). 

Figure 26, from the polynomial fit, was calculated with 470 points of signal, 
two shock returns, centered in 1024-point FFTs; the remaining 554 points were 
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Fig. 22 Motor 03020-SA(3): a) contour plot of the FFTs of the resultant signal com- 
pared with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes 

of the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


set to zero. Consecutive FFTs were located with the indices calculated with the 
new analysis method. The harmonic content of each FFT was a time average over 
two shock returns. 

Figure 27, from the resultant signal, was calculated according to the new anal- 
ysis method. As such, it was based on 230 points of signal, single cycles, and 
centered in 1024-point FFTs, with the remaining 794 points set to zero. The har- 
monic content of each FFT was a time average of the frequency content of the 
transverse waves for the decay portion of a single shock return. For the interested 
reader, the temporal evolution of the amplitude of these transverse waves over the 
decay portion of a single shock return can be tracked by use of time-frequency 
analysis techniques. 22 

Figure 27 shows that the pulsing event, return 0, was dominated by two transverse 
waves with frequencies of approximately 11.5 and 35 kHz. It is believed that these 
were tangential modes. However, their exact identity is not important. Rather, what 
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Fig. 23 Motor 05057-C: a) contour plot of the FFTs of the resultant signal compared 

with the analytical tangential-acoustic (- — ) and radial-acoustic ( ) modes of 

the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


is significant is that, by return 5, these dominant waves were no longer evident 
in the FFT. These waves, which were part of the pulsing event, decayed before 
the transverse oscillations identified in the preceding section appeared, return 7. 
Consequently it was concluded that these latter transverse oscillations were not a 
result of the pulsing event. The oscillations between 4 and 8 kHz in returns 3 and 
5 are believed to be directly related to the amplitude of the shock wave and do not 
represent the nonlinear transfer of energy from the transverse waves identified in 
return 0. This issue will be pursued in a later paragraph. 

The relationship between the growth of the transverse waves and that of the shock 
wave was investigated by use of two complementary analyses. First, the temporal 
evolution of the integral of the FFTs of the transverse waves was correlated with 
that of the steepness of the shock wave, Fig. 28. Second, the temporal evolution of 
the amplitude of two oscillations from the resultant signal was correlated with that 
of the amplitude of two harmonics of the shock wave of similar frequency, Fig. 29. 
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Fig. 24 Motor 05057-SB : a) contour plot of the FFTs of the resultant signal compared 

with the analytical tangential-acoustic ( ) and radial-acoustic ( ) modes of 

the combustion chamber and b) normalized and translated time-averaged pressure 
( ) and fraction of dc shift ( ). 


The first analysis provided an indication of the relationship between the total 
high-frequency energy present in the transverse waves and that in the shock wave. 
This is because the integral of an FFT of a signal is proportional to its total time- 
averaged energy and the steepness of a shock wave is proportional to the energy 
of its high-frequency harmonics. The integral of the FFT of the transverse modes 
was based on the results in Fig. 27 (from the resultant signal). It was calculated 
with a discretization of the following continuous integral: 

/•SO 

IFFTA(r) = / a(f,t)df (3) 

Jo 

where t is time, / is circular frequency, a is the amplitude of the harmonic analysis 
(FFT in the discrete form) at a given time and frequency, and IFFTA is the integral 
of the harmonic analysis at a given time. The steepness of the shock wave, dp/dt , 
was based on the maximum rate of pressure increase for a given return of the 
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Fig. 25 Original signal, polynomial fit, and resultant signal corresponding to the 
second pulse of motor 03020-SA(3). 


original signal. Fig. 25. Normalized values of the integral of the FFT, IFFTA, and 
the steepness of the shock wave, dp/dt, were calculated and are shown in Fig. 28. 
The correlation between the two is very good, indicating a direct relationship 
between the growth of the transverse oscillations and the shock wave. 

The second analysis continued the idea of comparing measures of energy levels. 
However, instead of time- and frequency-averaged energy levels at a given time 
step being compared, only time-averaged levels were considered; the growth in 
amplitude of several oscillations in the resultant signal was correlated with that 
of harmonics of the shock wave having similar frequencies. Normalized results 
for two oscillations, the resonating pulser channel at 5.5 kHz and the transverse 
frequency at 25.1 kHz, are included in Fig. 29 along with two harmonics of the 



Fig. 26 FFTs of the polynomial fit corresponding to the second pulse of motor 
03020-SA(3). 
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Fig. 27 FFTs of the resultant signal corresponding to the second pulse of motor 
03020-SA(3). 


shock wave having similar frequencies, the 4th (5.1 kHz) and 24th (25.6 kHz). The 
amplitudes of the 5.5- and the 25.1-kHz oscillations were based on the results in 
Fig. 27 (from the resultant signal), whereas the amplitudes of the shock harmonics 
were based on the results in Fig. 26 (from the polynomial fit). Figure 29 shows 
that the general increase in the amplitude of the two oscillations is accompanied 
by an increase in the amplitude of the shock harmonics. In addition, good corre- 
lation with respect to much of the detail of the curves was obtained. In particular, 
the amplitudes of both the transverse oscillation at 25.1 kHz and the 24th shock 
harmonic (25.6 kHz) remained relatively constant until approximately 0.108 s. 
However, during this time the amplitudes of the 5.5-kHz signal and the 4th shock 
harmonic (5. 1 kHz) increased continuously. This good correlation reinforces the 



Fig. 28 Steepness of the shock front of the original signal for the second pulse of 
motor 03020-SA(3) compared with the integral of the FFTs of the resultant signal. 
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Fig. 29 Comparison of FFT amplitudes of the polynomial fit and the resultant signal 
for the second pulse of motor 03020-SA(3). 


conclusion of a direct relationship between the growth of the transverse oscillations 
and the shock wave. 

The experimental evidence suggests that the transverse waves were driven by 
the shock wave. It seems to point to a mechanism whereby longitudinal-acoustic 
energy was converted into transverse energy through the movement of the propel- 
lant/casing system. However, gasdynamic interaction between the shock wave and 
the mean flow could also have been possible. Unfortunately, the present data are 
not sufficient to identify the mechanism precisely and further work is required. 


VII. Transverse Waves: Effect 

It is generally accepted that the longitudinally propagating shock wave is re- 
sponsible for the increase in time-averaged pressure often associated with pulse- 
triggered instability. This increase in time-averaged pressure can be described in 
terms of fraction of dc shift. The fraction of dc shift is defined as the ratio of the 
difference between the unstable and the stable time-averaged chamber pressures, 
divided by the stable time-averaged chamber pressure ( p cus — p cs )/Pcs- 

In this section evidence is presented that suggests that for the motors from the 
Canadian test matrix, part of the increase in time-averaged pressure/fraction of dc 
shift associated with pulse-triggered instability could be attributed to transverse 
pressure waves and not simply to the longitudinally propagating shock wave. This 
hypothesis is consistent with the widely observed time-averaged pressure increases 
associated with transverse waves during classical acoustic instability. In fact, it was 
the resemblance of the large increase in time-averaged pressure associated with 
motor 03020-SA(l) (Fig. 20b) to increases resulting from acoustic instability that 
provided the initial indication of the effect of transverse pressure waves in the 
pulse-triggered environment. 

The output from one of the high-frequency pressure transducers (original signal) 
for 03020-SA(l) is shown in Fig. 30. A comparison of Fig. 30 with Fig. 20b shows 
that the large increase in the fraction of dc shift was accompanied by a significant 
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Fig. 30 Evolution of the original signal for motor 03020-SA(l) during the large in- 
crease in the time-averaged pressure. 
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decrease in the amplitude of the shock wave, leaving primarily high-frequency 
oscillations. Four FFTs of this signal are included in Fig. 31 to illustrate this 
change from the perspective of the frequency domain. This figure shows that by 
0.343 s the shock wave had all but disappeared, leaving only two dominant high- 
frequency modes. That these were in fact two tangential modes was inferred from 
the correspondence between their frequencies and those of the third and the seventh 
tangential modes shown in both Figs. 20a and 31. Therefore it was concluded that 
the large increase in time-averaged pressure/fraction of dc shift for motor 03020- 
SA was indeed driven by transverse pressure waves. 

It is worthwhile at this point to distinguish between the classical theory of 
acoustic instability applied to transverse modes and what is potentially taking 



Fig. 31 Evolution of the FFTs of the original signal for motor 03020-SA(l) during 
the large increase in the time-averaged pressure. 
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place in a motor operating in the pulse-triggered unstable mode. In classical the- 
ory, the acoustic energy balance (sum of the energy sources and sinks) is essentially 
time averaged. As such, it does not account for transient energy sources such as 
those associated with the passage of the shock wave. It is therefore entirely possible 
for transverse waves to exist in the pulse-triggered environment without a motor’s 
being unstable in the classical sense. In addition, the average amount of transverse 
wave energy existing at a given point along the length of the combustion chamber 
between consecutive passes of the shock wave depends on, among other things, the 
period of the shock wave and the classical acoustic decay rate. It is possible to imag- 
ine a case in which the additional time-averaged energy added by the passage of the 
shock wave is sufficient to drive a motor unstable in the classical sense. This is po- 
tentially what contributed to the large time-averaged pressure increase for 03020- 
SA(1). The worst case will occur when a motor is already unstable in the classical 
sense and transverse wave energy is added through the passage of the shock wave. 

The relationship between the amplitude of transverse pressure oscillations and 
the increase in time-averaged pressure for 03020-SA(l) is illustrated through com- 
parison of the FFTs of the resultant signal (shock wave removed), Fig. 32, and 
curves of fraction of dc shift and normalized pressures, Fig. 20b. Figure 32 shows 
that the amplitude of the seventh tangential mode at 0.343 s was between two and 
three times that of the larger peaks for the FFTs from 0.183 to 0.280 s. This ratio 
is entirely consistent with fractions of dc shift of approximately 0.50 and 0.20 at 
0.343 s and 0. 1 83-0.280 s, respectively. As such, it indicates the plausibility that 
part of the increase in time-averaged pressure/fraction of dc shift associated with 
pulse-triggered instability could be attributed to transverse pressure waves. Any 
more detailed conclusions are questionable, given that this argument considers nei- 
ther combustion response function nor the variation of transverse wave amplitude 
along the propellant grain. 

In spite of clear evidence indicating that the large fraction of dc shift at 0.343 s 
for 03020-SA(l) was driven by tangential pressure waves, the correlation between 
the amplitude of these waves (calculated from Fig. 32) and the fraction of dc 
shift was poor. Figure 33 shows the amplitude of the third mode to decrease and 



Fig. 32 Evolution of the FFTs of the resultant signal for motor 03020-SA(l) during 
the large increase in the time-averaged pressure. 
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Fig. 33 Correlation between the amplitude of the FFTs of the tangential pressure 
waves in the resultant signal and the fraction of dc shift during the large increase in 
the time-averaged pressure for motor 03020-SA(l). 


that of the seventh mode to remain constant during a significant portion of the 
increase in fraction of dc shift. The fact that the correlation improved as the shock 
amplitude decreased (see Fig. 31) indicated that the poor correlation resulted from 
the broadband nature of the high-frequency content, including headend resonances, 
combined with the poor frequency resolution of the FFT. 

Originally the effect of transverse pressure waves on time-averaged pressure was 
to be evaluated through a correlation of their amplitudes. As such, contour graphs 
and curves of time-averaged pressure/fraction of dc shift have been grouped in 
Figs. 17-24 for the perusal of the reader. However, because of the poor correlation 
for motor 03020-SA(l), this line of reasoning was abandoned. Instead, profiles of 
time-averaged pressure and fraction of dc shift were examined for abrupt changes 
in level and slope, as was the case for motor 03020-SA(l). These were considered 
as potential evidence of the effect of transverse waves. This assumed that the 
continuous change in transverse frequency and acoustic decay alpha based on the 
changing radial dimensions of the internal grain geometry were a more probable 
source of abrupt change in the level of fraction of dc shift than the longitudinally 
propagating shock wave with unchanging longitudinal dimensions. 

The profile of the fraction of dc shift of motors 03020-SA(2) and 03020-SA(3) 
in Figs. 21b and 22b, respectively, showed tendencies similar to that of 03020- 
SA(1) near the middle of the firing. This suggested transverse wave driving, with 
that for 03020-SA(2) being the more pronounced of the two. In addition, the 
abrupt change in level for 03020-S A(2) at approximately 0.24 s could also suggest 
transverse wave driving (see also Fig. 3). This type of change in level was identified 
in a previous paper. 21 There, the abrupt change in dc shift disappeared when the 
resonant characteristics of the propellant/casing system were changed by insertion 
of the motor into a steel tube, 14.1 mm thick, before firing. 

The profiles of the fraction of dc shift for the two small-diameter long cylindri- 
cal motors, 03031-C(B) and 03031-C(C) in Figs. 17b and 18b, respectively, were 
significantly different from each other, indicating an effect of propellant formula- 
tion. The behavior of motor 03031-C(C), Fig. 18b, was very interesting and is best 
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visualized with the curve of time-averaged pressure. The curve shows a similar 
behavior to that of star 03020-SA(2) (Fig. 21b). However, instead of an increase 
in pressure, the cylinder underwent a decrease in pressure between approximately 
0.6 and 0.7 s. 

The profile of the fraction of dc shift for the small-diameter short cylindrical 
motor (03020-C), Fig. 19b, showed abrupt changes in level and slope and was 
generally similar to that of motor 03031-C(B), Fig. 17b. 

In general, the overall shape of the time-averaged pressure curves for the small- 
diameter stars differed more significantly from what would be expected for unstable 
operation than that of the small-diameter cylinders. This suggested that the stars 
were more affected by the transverse pressure waves and in turn illustrated a three- 
dimensional effect of grain configuration. 

Finally, the profiles of the fraction of dc shift for the large-diameter cylinder, 
Fig. 23b, and star, Fig. 24b, also showed abrupt changes in level and slope. How- 
ever, they were significantly different from the smaller-diameter motors with the 
same grain shape. A difference of this type would be expected if transverse waves 
were in part responsible for the fraction of dc shift; the transverse frequencies in the 
large-diameter motors were much lower than those in the small-diameter motors. 


VIII. Conclusions 

In this chapter, the presence of transverse pressure waves in a pulse-triggered 
unstable environment has been demonstrated and their nature, source, and effect 
explored for eight representative motor firings selected from the Canadian database 
generated during a joint international study. 

With a new data analysis method, it was shown that transverse pressure waves 
were always present during fully developed pulse-triggered instability. This result 
was independent of propellant formulation, operating pressure, grain configura- 
tion, motor length, or motor scale. However, qualitative differences in the actual 
frequency content that depended on these parameters were noted. It was also noted 
that, although transverse oscillations were always present, the actual modal content 
changed throughout a firing. The modal content was identified as being composed 
of both pure transverse and combined transverse-longitudinal-acoustic modes of 
the combustion chamber. A radial gas oscillation was also identified that corre- 
sponded to the vibration of the propellant/casing system. The presence of certain 
oscillations was also attributed to the motor headend geometry, comprising pulser 
channels and a cavity created by the inhibitor. Unfortunately, given that only head- 
end measurements were made, no conclusions could be drawn as to the variation 
of transverse wave energy along the length of the motors. 

It was shown that the presence of transverse waves was not the result of the 
pulsing event. Rather, their growth, represented by the integral of the FFTs, corre- 
lated with the steepening of the longitudinal shock wave. Good correlation was also 
shown to exist between the temporal evolution of the amplitude of transverse waves 
and that of the amplitude of shock-wave harmonics of similar frequency. Therefore 
it was concluded that the transverse waves were driven by the propagating longitu- 
dinal shock wave either through the conversion of longitudinal-acoustic energy to 
transverse-acoustic energy through the movement of the propellant/casing system 
and/or through gasdynamic interaction between the shock wave and the mean flow. 

Evidence was presented that suggested that part of the increase in time-averaged 
pressure associated with pulse-triggered instability could be attributed to transverse 
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pressure waves and not simply to the longitudinally propagating shock wave. 
This evidence was in the form of abrupt changes in level and slope of the time- 
averaged pressure/fraction of dc shift. This approach was adopted as correlations 
with the amplitude of transverse waves were masked by the broadband nature of 
the high-frequency content combined with the poor frequency resolution of the 
FFT analysis. Abrupt changes in level and slope of the time-averaged pressure 
were identified for the eight representative motor firings examined. As such, it 
was noted that small-diameter stars were more affected by transverse pressure 
waves than were the small-diameter cylinders, indicating a three-dimensional ef- 
fect associated with grain configuration. The difference in the profiles of fraction 
of dc shift for small-diameter cylinders with different propellant formulations in- 
dicated an effect of propellant formulation. In addition, the significantly different 
profiles of fraction of dc shift for small- and large-diameter motors indicated an 
effect of scale. However, numerical modeling, further experimentation, and the 
development of new data analysis methods are required for demonstrating in a 
conclusive manner that transverse pressure waves do in fact drive a portion of the 
dc shift. 

Conclusions were drawn with only headend pressure measurements. In addition, 
no numerical modeling was performed. Consequently no information exists as 
to the behavior of transverse waves along the length of the motor cavity. This 
information would be very instructive and as such its generation will be the focus 
of future experimental and numerical studies. 

The implications of the data presented in this chapter for motor design and 
theoretical modeling are significant. First, the shock wave provides a new, al- 
beit transient, source of transverse wave energy that could be sufficient to drive a 
motor unstable. As such, testing a motor design for pulse-triggered unstable opera- 
tion could reserve some undesirable surprises. Second, although one-dimensional 
models are a good starting point, only three-dimensional models with moving 
boundaries are sufficient to describe all the significant processes occuring during 
pulse-triggered instability. 

Finally, the longitudinally propagating shock wave is the primary cause of 
the increase in time-averaged pressure associated with pulse-triggered instabil- 
ity. As such, care should be taken in extrapolating the present conclusions to other 
databases. In particular, aluminized propellants, which are not favorable to trans- 
verse mode oscillations manifest increases in time-averaged pressure that may be 
totally attributed to the shock wave. 
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